Evaluation of directionally solidified eutectic superalloys for turbine blade applications by Henry, M. E. et al.
NASA CR 135151 
(NASA-CR-135151) EVAlU3TION CF N79- 16948 
DJFECTIONALLY S C L I D I E I E D  EUTECTIC 
SUPERALLOYS FOR TTJRRINE BLACE APPLICATXCWS 
"ial L e p o x t  (General Electric Co.) 107 p Unclas 
I!C AOb/MF A09 CSCL 11F 63/26 14064 
E\'ALUATION OF DIRECTIONALLY SOLIDIFIED 
EUTECTIC SUPERALLOYS FOR TURBINE 
BLADE APPLICATIONS 
April  1978 
GENERAL ELFlCTRIC COMPANY 
Corporate  Research  and Development 
Schenectady, New York 12301 
Prepared  for 
NATIONAL AERONAUTICS AND SPACE LZDMINISTRATION 
Lewis Research  Center  
(:l.eveland, Ohio 441 3 5 
Contract  No. NAS3-19711 
F ica l  Report  
https://ntrs.nasa.gov/search.jsp?R=19790008777 2020-03-22T01:08:24+00:00Z
TABLE OF CONTENTS 
Section Page 
3 MATE.IZIAI. S AND PROCEDURES . . . . . . . . . . . . . . . . . . .  3-1 
3 .1  Melting.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3-1 
3 . 2 Directional Solidification . . . . . . . . . . . . . . . . . . . . .  3-1 
3 . 3 Structure Evaluation . . . . . . . . . . . . . . . . . . . . . . . .  3-2 
3 . 4  Density Determination . . . . . . . . . . . . . . . . . . . . . . .  3-2 
3 .5  Tensile Tes ts  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3-2 
3 . 6 Longitudinal Shear Tes t s  . . . . . . . . . . . . . . . . . . . . .  3-3 
3 . 7 St ress  Rupture Tes t s  . . . . . . . . . . . . . . . . . . . . . . . .  3-3 
3 .8  Thermal  Cycling . . . . . . . . . . . . . . . . . . . . . . . . . . .  3-3 
3.9 CytllicOxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3-4 
3 . 10 Mold/NIetal Reactivity . . . . . . . . . . . . . . . . . . . . . . .  3-4 
. . . . . . . . . . . . . . . . .  THE y / y '  -Mo SYSTEM (M F HENRY) 4-1 
Backgrourrd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tensile Propert ies  . . . . . . . . . . . . . . . . . . . . . . . . .  
Longitudinal Shear Strength . . . . . . . . . . . . . . . . . . . .  
Stress  Rupture Resistance . . . . . . . . . . . . . . . . . . . .  
L ; * J C ~  . . . . . . . . . . . . . . . . . . .  Thermal  Cycling ResistnV 
Cyclic Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mold/ F~letal Reactivity . . . . . . . . . . . . . . . . . . . . . . .  
THE y-p SYSTEM (M . R . JACKSON) . . . . . . . . . . . . . . . . .  5-1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Background 5-1 
Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5-2 
Tensile Propert ies  . . . . . . . . . . . . . . . . . . . . . . . . .  5-5 
Longitudinal Shear Strength . . . . . . . . . . . . . . . . . . . .  5-9 
St ress  Rupture Resistance . . . . . . . . . . . . . . . . . . . .  5 - 11 
Thermal  Cycling Resistance . . . . . . . . . . . . . . . . . . .  5-13 
Cyclic Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 . 14 
Mold/Metal Reactivity . . . . . . . . . . . . . . . . . . . . . .  5 . 17 
The y -yl SYSTEM (M . R . JACKSON) . . . . . . . . . . . . . . . . .  6-1 
6 . 1  Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6-1 
6 . 2  Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6-2 
6.3 Tensile Propert ies  . . . . . . . . . . . . . . . . . . . . . . . . .  6-4 
TABLE OF CONTENTS (Cont'd) 
Section 
. 
6 THE y -yl SYSTEM (M . 1% . JACKSON) (Contld) 
Page  
. . . . . . . . . . . . . . . . . . . .  G . 4 Longitudinal Shear Strength 6-4 
. . . . . . . . . . . . . . . . . . . .  6 . 5 St re s s  Rupture Resistance 6-7 
. . . . . . . . . . . . . . . . . . .  6 . 6 Thermal  Cycling Resistance 6-9 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  6 . 7 Cyclic Oxidation 6-10 
. . . . . . . . . . . . . . . . . . . . . . .  6 . 8 Mold/Metal Reactjr~ity 6-10 
. . . . . . . . . . . . . .  . 7 THE y-MzTa SYSTEM (M . R JACKSON) 7-1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 .1  Background 7-1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.2 Alloys 7-2 
. . . . . . . . . . . . . . . . . . . . . . . . .  7.3 Tensi le  Proper t ies  7-4 
. . . . . . . . . . . . . . . . . . . .  7.4 S t r e s s  Rupture Resistance 7-4 
. . . . . . . . . . . . . . . . . . .  7. 5 Therma l  Cycling Resistance 7-6 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  7 . G Cyclic Oxidation 7-7 
7 .7  Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-7 
. . . . . . . . . . . . . . .  8 THE Co-MC SYSTEM (J . L . WALTER) 8-1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 . 1  Baclcground 8-1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.2 Alloys 8-1 
8 .3  Tensi le  Proper t ies  . . . . . . . . . . . . . . . . . . . . . . . . .  8-4 
. . . . . . . . . . . . . . . . . . . .  8 . 4  S t r e s s  Rupture Resistance 8-4 
8 .5  Sumr.iary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 -5  
. . . . . . . . . . . . . . . . . .  9 TIlE a-p SYSTEM (J . L . WALTER) 9-1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 . 1  Background 9-1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.2 Alloys 9-1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 .3  Summary 9-4 
. . . . . . . . . . . . . . . . . .  10 COMPARISON TO OTHER ALLOYS 10-1 
. . . . . . . . . . . . . .  10 .1  Background Data fo r  Comparisons 10-1 
. . . . . . . . . . . . . .  3.0.2 The y / y  '-Nlo System (M . F . Henry) 10-1 
. . . . . . . . . . . . . . . .  10.3 The y -p System (M . R . Jackson) 10-4 
. . . . . . . . . . . . . . .  10.4 The y-y' System (M.R. Jackson) 10-8 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 CONCLUSIONS 11 . 1 
ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A-1  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  REFERENCES R-1 
DISTRIBUTION LIST 
LIST OF ILLUSTRKTIONS 
Figure 
- 
Page 
Specimen Used for Tensile and Creep Rupture Tests  . . . . . .  
Specimen Used for Longitudinal Shear Tests.  . . . . . . . . . . .  
Scanning Electron Micrograph of a Transverse Section 
of Deep Etched Alloy 1 (y/yf-M. ' . . . . . . . . . . . . . . . . . . .  
Ultimaie Tensile Strength Versus Atomic Percent Aluminum 
for Three -Element y / y t  -Mo Eutectics . . . . . . . . . . . . . . . .  
Transverse and Longitudinal Ultimate Tensile Stress Versus 
Temperature for Alloy 7 ( y / y t  -Mo) . . . . . . . . . . . . . . . . . .  
Macrograph of y/yf-Mo Longitudinal Shear Specimen Tested 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  at750°C 
IJongitudinal Shear Stress Versus Temperature 
for  Alloy 'I (y lyt -Mo) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
J!orLrs to Failure in Stress Rupture Versus Atomic Percent 
Aluminum for Three-Element y l y t  -Mo Eutcctics. . . . . . .  
Longitudinal and Transverse Stress Rupture Resistance 
of Alloy 7 (y / y l  -Mo) Grown at 2 cm/hr  and Tested in Argon . 
Scanning Electron Micrographs of Transverse Sections 
of Alloy 1 (y/yl-Mo): a )  Uncycled, b)  After 150 Hours 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Cycling to 1150 OC 
Macrograph of CP6 Blade of Alloy 7 (y/yf-Mo) Grown 
a t l c m / h r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Transverse Microstructures for the Ni-Co-A1-W y -$ 
. . . . . .  Eutectic Alloys: a )  Lamellar (Alloy 17), b) Fibrous 
Scanning Electron Fractograph of Room Temperature 
Tensile Test of y-$, Alloy 10. . . . . . . . . . . . . . . . . . . . . .  
Longitudinal Sections Through Tensile Fracture Specimens 
of Fibrous y-p  (A1l.o~ 18) After Testing at a )  1100 OC and 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  b)750°C  
SEM Micrograph of the 750 OC Tensile Fracture of Alloy 18 . 
Micrograph Perpendicular to Stress Axis of a Longitudinal 
Shear Bar Showing Grain Boundary Crack Propagation 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  in y - e  (Alloy 15) 
Larson-Miller Rupture Parametric Behavior for  ilie Longitu - 
dindl and Transverse Orientations of Lamellar y -P Alloys . . 
Page Figure 
5-7 Macrographs of a Transverse 1100 OC: Rupture Bar 
of y-fl (Alloy 13) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-13 
Longitudinal Microstructlilre of y -yl Alloy 19 . . . . . . . . . . . 6 -4 
Macrogrbaphs of Fracture Surfaces in y - y '  Alloy 20 After 
Room Temperature Tensile Testing . . . . . . . . . . . . . . . . . 6 -6 
Frac ture  Surfaces of Longitudinal Shear Test  Specimens 
.f y-y' Alloy 20 Tested at 1100 OC. . . . . . . . . . . . . . . . . . . 6-6 
Larson-Miller Rupture Parametr ic  Behavior of y-y1 Alloys . 6-7 
Longitudinal Microstructure of y-y'  Alloy 20 After Thermal 
Cyclic Exposure to 1150 OC for  500 Hours . . . . . . . . . . . . . 6 -10 
Macrographs of Mold-Metal Reactivity Tes t s  of y -yl 
Alloy 2 0 Alumina Shell Mold . . . . . . . . . . . . . . . . . . . . . . 6 - 13 
Transverse Micrograph Through Aligned Region of the 
y-MzTa Alloy 26 Grown at 0.64 cm/hr .  . . . . . . . . . . . . . . . 7-3 
Frac ture  Surface of Room Temperature Tensile Tes t  
for  y -Mzrra Alloy 25. . . . . . . . . . . . . . . . . . . . . . . . . . . . 7-5 
Larson-Miller Rupture Parametr ic  Behavior for  y-M2Ta 
Eu tec t i c s . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7-6 
Transmission Electron Micrograph of Heat -Treated Alloy 2 8 
Showing T6C Precipitates . . . . . . . . . . . . . . . . . . . . . . . . 8-3 
Dark Field Electror, Micrograph of TaC Fiber  and TaC 
Precipitates in  Heat Treated Alloy 28 . . . . . . . . . . . . . . . . 8-3 
St ress  Rupture Performance of CoTaC Alloy 28 . . . . . . . . . 8-5 
Microstructure of 1100 O C ,  193 MPa, Rupture Specimens 
of CoTaC Alloy 28 at a) 84.5 hours, and b) 178.8 hours . . . . 8-6 
Microstructure of CoTaC Alloy 28 Tensile Specimen 
Frac ture  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-7 
Longitudinal Sectioi~ of the Fibrous Region in a-fl Alloy 32 . . 9-3 
Longitudinal Section of the Lamellar Region in a-fl Alloy 32 . 9-4 
Transverse Section of a-$ Alloy 32 Sllowing Fibrous and 
Lamellar  Regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 -5 
Comparison of Longitudinal Tensile Strength of Y / Y '  -Mo 
Alloy 7 (AG60), NiTaC-13 and y / y l  -6 (3 cm/hr )  . . . . . . . . . 10-2 
LIST OF ILLUSTRATIONS (Cont'd) 
Comparison of Transverse Tensile Strength of y / y1 -Mo 
Alloy 7 (AGGO), NiTaC-13 and y / y l - 6  (3 cm/hr)  . . . . . . . . . 10-2 
Comparison of Longitudinal Shear Strength of y /  y1 -Mo 
Alloy 7 (AGGO), NiTaC-13 and y / y f - 6  (3 cm/hr)  . . . . . . . . . 10-3 
Comparison of Longitudinal S t ~ e s s  Rupture Resistance of 
y/yl-Mo Alloy 7 (AG60), Aligned at  2 cm/hr, NiTaC-13 
and y l y l - 6  Aligned at 0.64 and 0.95 cm/hr ,  . . . . . . . . . . . . 10-3 
Comparison of Transverse Stress Rupture Resistance of 
y/yl-Mo Alloy 7 (AG60), NiTaC-13 and y / y l - 6  . . . . . . . . . . 10-4 
Comparison of Cyclic Oxidation Resistance at  1100 "C of 
y/yl-Mo Alloy 7 (AG60) and Several a the r  Alloys . . . . . . . . 10-5 
Longitudinal Tensile Properties of Alloy 15 of the y-p  System 
Compared to y / y l - 6  ( 3  cm/hr), NiTaC-13 and MAR M509. . , 10-5 
Transverse Tensile Properties of Alloy 15 of the y-$ System 
Compared to y / y l  -6 (3 crn/hr) and .T!d'?'aC-13. . . . . . . . . . . . 10-6 
Rupture Behavior of the y -p Alloys (Lamellar = Alloy 15; 
Fibrous = Alloy 18) Compared to y / y l  -6 and NiTaC -13, and 
Two Co-Ba,se Superalloys . . . . . . . . . . . . . . . . . . . . . . . . 10-7 
Longitudinal Shear Strength of Lamellar y -$ Alloy Number 15 
Compared to y / y l  -6 (3 cm/hr)  and NiTaC-13 . . . . . . . . . . . 10-7 
Oxidation Resistance in 1100 "C Cyclic Exposure for the y-P 
System..  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10-8 
Longitudinal Tensile Properties of the y-y1 Alloy 20 Com- 
pared to y / y l - 6  (3 cm/hr)  and NiTaC-13 . . . . . . . . . . . . . . 10-9 
Transverse Tensile Properties of the y-y1 Alloy 20 Com- 
pared to y / y l - 6  (3 cm/hr)  and NiTaC-13 . . . . . . . . . . . . . . 10-9 
Rupture Behavior of the y - y Alloy 20 Compared to y / y1 - 6 
and NiTaC-13. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10-10 
Longitudinal Shear Properties of the y-y1 Alloy 20 Compared 
to y / y 1 - 6  (3 cm/hr)  and NiTaC-13. . . . . . . . . . . . . . . . . . . 10.-10 
Oxidation Resistance in 100 "C Cyclic Exposure for y - y l .  . . . 10- 11 
LIST OF TABLES 
Table 
4-1 
4-2 
4-3 
4 -4 
4-5 
4-6 
4-7 
4-8 
4-9 
. . . . . . . . . . . . . .  Melt Compositions in the y/yt-Mo Systein 
. . . . . . . . . . . . . .  Melt Compositions in the y / ~ ' - M o  System 
. . .  Characterization of D i r e c t i ~ n ~ i l y  Solidified Y/Y'-Mo Ingots 
. . . . . . . . . . . . . . . . . . . . .  Tensile Data on y /  y r  -MO Alloys 
. . .  Terqile Results on Alloy 7 (y/yl -Mo) Solidified a t  2 cm/hr  
. . . . . . . . . . . . .  Longitudinal Shea.r Strength of / y '  -Mo 
. . . . . . . . . . . . . . . .  St res s  Rupture Data on y/ yr -MO Alloys 
. . . . . . . . . . . .  St res s  Rupture Results for Alloy 7 (y/yl-Mo) 
Results of P r i o r  Thermal  Cycling and Subsequent S t ress  
. . . . . . . . . . . .  Rupture for y/ y'-Mo Alloys Cycled to 1150 OC 
. . . . . . . . . . .  Cyclic Oxidation of Alloy 7 (y/yt-Mo) at 750 O C  
. . . . . . . . . .  Cyclic Oxidation of Alloy 7 (y /  yt-Mo) a t  1100 "C 
. . . . . . . . . . . . . . . . . .  Melt Compositions in the y-B System 
. . . . . . . . . . . . . . . . . .  Melt Compositions in the y-@ System 
. . . . . .  Characterization of Directionally Solidified y-$ Ingots 
F l u o r e s c e ~ t  Analysis of Transverse  Sections of y-$ . . . . . . . .  
. . . . . . . . . . . . . . . . . .  Tensile Test  Results for y-(3 Alloys 
. . . . . . . . . . . . .  Longitudinal Shear Strength of y -p Alloy 15 
................. St res s  Rupture Behavior of y-$ Alloys 
S t r e s s  Rupture Behavior a t  1100 "C in Argon After Thermal  
........................ Cyclic Exposure to 1150 "C 
. . . . . .  1100 OC Cyclic Oxidation Weight Ci1zz:;e for y-(3 Alloys 
..... 750 "C: Cyclic Oxidation Weight Change for Y -$ Alloy 15 
Mel t  Compositions in the Y-yr System ................. 
Melt Compositions in the y - y t  System . . . . . . . . . . . . . . . . .  
..... Characterization of Directionally Solidified y-yr Ingots 
Tensile Behavior of y -yt Alloys ..................... 
............. Longitudinal Shear Strength of y-y' Alloy 20 
. . . . . . . . . . . . . . . .  St res s  Rupture Behavior of y-y' Alloys 
Page 
4-3 
4.3 
4 -4 
4-7 
4 . 9
4-11 
4.12 
4-15 
LIST OF TABLES (Conl'd) 9 
Table 
. 
Page 
Stress Rupture Behavior a t  1100 OC in Argon After Thermal 
. . . . . . . . . . . . . . . .  Cyclic Exposure to 1150 OC for Alloy 20 
1100 OC Cyclic Oxidation Weight Change Measurements for 
y-y'Alloys ................................... 
750 "C Cyclic Oxidation Weight Change Measurements for 
..................... y-y '  Alloy 20 Growth at 2 cm/hr 
. . . . . . . . . . . . . . .  Melt Compositions in the y-MZTa System 
Melt Compositions in the y -M2Ta System . . . . . . . . . . . . . . .  
Tensile Data on y-M2Ta Alloys ...................... 
Stress Rupture Properties of y-M2Ta Alloys at  1100 "C 
...................................... in Argon 
Weight Change During Zxposure to 1100 OC Cyclic Oxidation 
.............................. for y-MZTa A3-1~ 
. . . . . . . . . . . . . . .  Melt Compositions in the Co-MC System 
. . . . . . . . . . . . . . .  Melt Compositions in the Co-MC System 
. . . .  Characterization of Directionally Solidified Co-MC Ingots 
Stress Rupture Resistance of Co-MC Alloys . . . . . . . . . . . . .  
J e m  . . . . . . . . . . . . . . . . . .  Melt Cornpositions in the a-f3 Syct 
Melt Compositions in the a-f3 System .................. 
Characterization . of Directionally Solidified a-f3 Ingots . . . . . .  
1. SUMMARY 
4 
ture 
Y / Y '  
This program's objective was to identify at least one new, high tempera- 
eutectic supcralloy for potential use in jet turbine blades. The 
-iflo eutcctic alloys satisfy this objective. 
Thirty-two alloys were considered in six different eu t~c t i c s  systems: 
1. y l y l  -Mo (Ni-basc, rods of aMo) 
2. y-p (Xi-base, lamcllac o r  rods of (Ni, E ' c / ~ o ) ~ l )  
3.  a-p (a Cr, Fe, Ni-base, rods of (Ni, ~ e ) A l )  
4. y-MzTa (Ni-base, rods of M2Ta) 
5. Ccr MC (Co-base, rods of TaC) 
6. y l y l  (Ni-base, rods of NisAl y '  ) 
The six systems were evaluated in terms of microstructural control, tensile 
and r~aplure strength as  a function of temperature, resistance to thermal cy- 
clic degradation, and density. Based on these results, alloys from, the 
Y / y l  -Mo, y -P and y -y l  systems were selected for more detailed evaluation. 
The alloys from the three systems were subjected to longitudinal and 
transverse tensile and rupture tests over a temperature range of 750 'C to 
1100 OC. 1,ongitudinal shear strer!;lh was measured at several temperatures, 
and resistance to thermal cyclic degradation after prolonged exposure at  
1150 "C was determined. Each of the alloys was further subjected to cyclic 
oxidation exposures at 750 OC and 1108 OC. To evaluate processability, the 
selected alloys were directionally solidified in an alumina shell mold for a 
turbine blade shape. 
The three major conclusions of this study are :  
1. The y / y l  -Mo system has potential a s  a high-pressure turbine blade 
material. Research on this system should continue and should expand from 
the exploratory nature of this contract to encompass serious alloy develop- 
ment and engineering evaluation. 
2. The y-P system has potential as  a vane material. Research on this 
system should address the critical question of thermal fatique resistance. 
3. The y-y'  system shows promise for developing into a potential turbine 
blade material. Exploratory research to evaluate that potential should continue, 
2. INTRODUCTION 
Advancement in turbine blade materials technology has been fundamen- 
tal to the evolution of the jet engine for its entire history. The desire for 
improved turbine blade materials has been continuous, and the result has 
been an increase in metal capability of about 15 OF per year. Since the 
early 1950's this growth in capability has depended on improvements of 
gamma prime strengthened nickel superalloys. These in turn required the 
development of the vacuum melting process to achieve control and consis- 
tency of increasingly complex alloy compositions. Significant improvements 
in conventional, vacuum-cast superalloys beyond Ren6 120 i s  considered 
unlikely. It is apparent that another major innovation i s  needed. The ir-no- 
vation discussed here is directional microstructures achieved by directional 
solidification. 
Directional Solidification (DS) of superalloys provides three important 
advantages over conventional, randomly oriented microstructures: 
Virtual elimination of strength-limiting grain boundaries perpendicu- 
lar  to the solidification direction, which in turbine blades is a l so  the 
major s t ress  axis. This enhances rupture strength, 
A substantial reduction in elastic mcdulus in the growth direction, 
which greatly reduces s t resses  generated by thermal gradients and 
thus increases resistance to thermal fatigue. 
@ A large increase in dllctility in the growth direction which allows the 
addition of substantially greater amounts of alloying elements for 
strength improvement, while still maintaining adequate ductility. 
Turbine blades and vanes in the hotter sections af the modern jet engine 
a r e  subjected to gal: stream temperatures above the melting point of the 
metal and far  above the temperature where strength i s  limiting. The pro- 
blem is solved by cooling blades and vanes with a i r  bled from the compressor. 
The f i rs t  turbine stage aft of the combustor is the worst case, because it  
requires the greatest amount of cooling air.  The later stages experience 
cooler gas temperatures because work is  extracted from the cycle upstream 
and, depending on the design, require either reduced amounts or no cooling 
air. An improved, higher temperature turbine blade allay can be used 
either to reduce the amount of cooling a i r  or  to increase the turbine inlet 
gas temperature, or a cornhination of both. 
Many laboratories a r e  seeki.ng to improve turbine bla.de materials 
through various approaches, including: synthesized composites using 
strong filamentary reinforcements, directional eutectics (in situ composites), 
and ceramics. Of these, the most promising candidates for  the next genera- 
tion of blade alloys a r e  judged to be the directional eutectics. The goals 
for this program on new eutectic systems are :  
1. Longitudinal tensile strength a t  750 O C :  of lGS5r~ bT;IN/7nz (150, 000 psi) 
and at  1100 OC of 700 M N / I ~ ~  (180, 000 psi), 
2. Elongation of at least 5% in longitudinal tensile tests  a t  all tempera- 
tures. 
3. A 1000 hour longitudinal rupture life a t  750 "C under 900 ~ N / n l ~  
(100,000 psi) s t ress  and at 1100 OC under 140 ~ N / m 2  (20,000 psi) 
s tress.  
4. Ability to withstand 500 hours (@ 1 cyclelhr) of cycling between 
425 OC, or  less, and 1150 O C  with less  than 10% decrease in s t ress  
rupture resistance. 
5. L,ongitudinal shear strength of not less  than 3 5% of the longitudinal 
tensile strength. 
6. Oxidation resistance equal to that of Hastelloy X at 750 "C and 
1100 OC. 
7. Aligned structure when solidified at a rate of 20 mm/hr  or  greater 
for a thermal gradient i , '  100 QC/cm or less with a 12. 5 mm diameter 
bar. 
8. A melting point of not less than 12 50 "C. 
9. A density of not over 9.15 g/cm3 (0. 330 lb/in3). 
10. A transverse tensiie eiongation of >I$ at  room temperature, 
These goals a r e  extrenzely challeilging for new systems and, thus, must 
be treated a s  goals, not a s  a measure of success or  failure in a program of 
limited time and resources. 
This program's objective was to produce at  least one new directionally 
solidified eutectic alloy for poteritial use in jet aircraft engine turbine blades. 
The property goals for this alloy were super'ior to those of directionally 
solidified eutectic alloys currently undergoing extensive study for potential 
use in engines. This program consisted of two portions, alloy development 
and detailed evaluation. The f irst  portion consisted of development of six 
eutectic alloy system bases, each having at  least one ductile phase. Com- 
position and/or processing parameter variations were made for each system 
base. Alloys achieving well aligned structure were tested for high tempera- 
ture tcnsil-e strength, s t ress  rupture resistance, and thermal cycling 
resistance. 
The systems studied follow below: 
1) The y / y t  -Mo System (M. I?. Henry) 
This system consists of a matrix of y/yt,  primarily of Ni and Al, and 
body centered cubic fibers, primarily of Mo. The primary reasons for 
studying this system were the ductility of both phases, low density, high 
telrlperaturc sir-cngtb, a,,: f case of processing. Two primary n1e thods of 
altering properties in the y / y t  -Mo system would appear fruitful: alloying 
of the matrix and alloying of the Mo  fibers. Elements like Ta and Ti, which 
a r c  good y f  formers, also have total solid solubility in Mo a t  1300 "C. 
Cllromiunl, which also forms a c:c;:ltinuous ser ies  of solid solutions with Mo, 
might give enhanced fiber volul.rlt? fraction and oxidation resistance. Addi- 
tions of rhenium would be cxpccted to partition both to the y and to Mo and 
could enhance fihcr ductility. 
The y-$ System (M. 12, lTacksonj 
This system consists of y, a face centered C U ~ J ~ C  solid solution of Ni, 
Cr, I'c, m d  Al, and, B, a CsC1 structured substoichiometric (Ni, &'e) Al. 
The primary reasons for studying this system were i t s  expected oxidation/hot 
corrosion resistance, low density, low cost melt stock, high probability of 
a1,loying for strengthening, and ease of processing. Several methods of 
altering properties a r e  possibli~ for y-B eutectics. &'or Ise-rich y  matrices, 
conventional I'c-base superalloy rnctallurgy can be used to strengtksn the 
eutectic. E'or Ni-rich matrices, elernents favoring y1 can be added.. For 
either case, certain elernellts a r c  potent $ strengtheners. Alloys based on 
Ni, Co, Al and FV y-p conlposites also a r e  considered. 
The y - y f  System -(M. R. Jackson) 
Thin system consists of y, an austenitic matrix of Ni, Co, Re, W and V, 
and fibers of yl, an ordered L1 phase based oil Ni,Al but which substitutes 
2 Ta for some Al. The primary rc>asons for studying this system were a 
high probability of alloying for strengthening, large volume fraction of the 
second phase, and high temperature nhase stability. 
4) The y-M,  Ta System (Me R. Jackson) 
The system consists of an austenitic y matrix of Ni, E'e, Cr and Ta, and 
a hexagonal iiltermetallic M2Ta phase, with Cr, Fe  and Ni l fNl l '  sites. The 
primary reasons for studying this system a re  i ts  expected oxidation res is-  
tance, a high probability of alloying for strengthening, high tzmperature 
phase stability, and large volume Praction of the second phase. 
5) The Co-MC System (J. L. Walter) 
The eutectic system consists of an fcc cobalt base alloy matrix with 
dispersed fibers of fcc TaC. These alloys a r e  of interest because they 
have relatively good resistance to oxidation and, wlieii directionally solidi- 
fied, have strengths a t  high temperatures in excess of any cobalt or nickel 
base superalloy. It has been shown that the use of a high temperature 
solution treatment, followed by a precipitation treatment, increases s t ress  
rupture life. The alloy to be so treated war one containin? 20wt$ W, 10wt$ Ni, 
80wt$ TaC, and balance cobalt, the strongest of all  of the cobalt base-TnC 
cutectic alloys whcrl dircctj.onally solidified at  rates of 2 cm/hr or  higher. 
The microstructure of tb: slloy consists of about 10$ by volume of TaC! s~ng le  
cr*ystal fibers in the cobai slloy matrix. 
6) The a - p  System ( J .  L. Walter) 
The LIS eutectic NiAl-Cr consists of Cr rods or  fibers in a matrix of NiA1. 
While the NiAl imparts excellent resistance to oxidation and corrosion, it  lacks 
ductility at  room temperature. The chromium phase, or, the other hand, i s  
quite ductile since the fibers a r e  of the order of 2 pm in dirmeter. It was dis- 
covered that the replacement of 5 aton1 $ Cr  by an equal amount of f e ca.xsed 
the cutectic to "turn inside out"; i. e., the CrE'e phase became the mati-ix and 
the NiAl phase became the dispersed rod phase. The ductile CrFe alloy matrix 
should provide both improved ductility a t  room temperature and greater strength 
at  elevated temperatures. The latter occurs because the CrFe alloy i s  stronger 
than NiAl a t  elevated temperatures. 
The second portion of the program consisted of detailed evaluation of the 
three most promising alloys developed. Properties evaluated were longitu - 
dinal and transverse tensile strength and ductility, s t ress  rupture resistance 
before and after exposure to high temperature thermal cycling, longitudinal 
shear strength, cyclic oxidation resistance, and reactivity of the molten alloy 
with an appropriate shell mold material. The completion of this phase included 
a ranking of al l  the systems studied and a comparison of the best alloys to other 
eutectic a1 loys and superalloys. 
3. MATERIALS AND PROCEDURES 
3. 1 - Melting 
k'or thi; initial research on new cutectics, starting mat,crials were of 
reasonably high purity. Typical material purities were: 
Maximum 
Total 1mpuritic.s Major Non-Volatile 
Impurity 
60 ppm Si 
5 ppm Al, Si, Cu 
0.036$ Ni 
0. 35% E'e 
40 ppm Cu 
0.01% c 
100 ppm W 
40 ppm W 
Raw metal charges were melted in alumina crucibles in an argon atmo- 
sphere, using a motor-generator induction heater at approximately 10 kHz. 
Elements such a s  A1 and C were added after initial melting. Melts were 
superheated about 300 "C, cooled to measure a thermal a r r e s t  temperature, 
remelted. and then poured into copper chill molds. 
3. 2 Directional Solidification 
Directional solidification was performed in modified Bridgman furnaces. 
The smaller ingots were directionally solidified by in situ melting 2 cm di- 
ameter melt stoclc in 2 cm diameter recrystallized Rlz03 crucibles in an 
argon atmosphere. The furnace had a graphite susceptor which was induc- 
tively heated by a radio frequency (approximately 450 kHz) induction power 
supply. The ingot sat an a water-cooled copper side chill during directional 
solidification. The smaller 2 cm diameter ingots were generally 9 to 11 cm 
long. 
The larger ingots were ~ roduced  by melting the a l l ~ y  master melt in an 
upper melting chamber with a motor-generator se t  and then pouring the 
molten charge into 4 cm diameter, recrystallized A1203 crucibles. The 
source in this c~pparatus was a resistance-heated, wirc-wound furnace tube. 
Turbine bladv shapes were directionally solidified in this same apparatus. 
Structure EIvaluation 
Initial evaluation of structure of directionally solidified ingots was per- 
formed by grinding a longitudinal flat along the entire length of the ingot and 
polishing it to a metallographic finish for  microscopic examination. Ingots 
were then documcntcd for lengths of chi71 cast struct zrc, hyper- o r  hypo- 
eutcctic structure, aligned structure, and/or cellular structure, Ii'rom this 
evaluation thc ingot was scheduled for  machining into test specimens, o r  a 
modification was performed on chemistry o r  solidification rate. 
3 . 4  Density Detcrmination 
Densitics were determined on coupons from the aligned sections of di- 
rectionally solidified ingots. The density was calculated from weights of 
coupons in a i r  and in glycol. 
3.  5 Tensile Tests 
Figurc 3 -1 shows the specimen design used for longitudinal and trans - 
verse  tensile tests. The specimens were t ~ s t e d  in split grips in a screw- 
driven Instron tensile machine. The specimens were tested either in air  o r  
in a capsule at an approximate pressure vacuum level of 5 pm as  designated. 
The crosshead rate used was 0.05 cm/min. The effective gage length was 
taken as  1. 14 cm, yielding a plastic strain rate of 0. 045 min-l. Load versus 
t i ~ n o  was recorded. 
Dl MENSIONS = mm 
Figure 3-1. Specimen Used for  Tensile 
and Creep Rupture Tests  
3.  6 Longitudinal Shear Tests 
For longitudinal shcar strength, a specimen was de~igned with a shear 
a rea  equal to the minimum area pcrpendicular to the principal s tress.  Fig- 
ure 3-2 shows thc. spccirnen design, which consists of a uniform section of 
diamctcr 0.41 c.*m and one button head of length 0.10 cm. The shear area is 
then (Tr) (0.41) (0. 10) o r  approximately 0.13 cm2. The specimens were tested 
in split grips at a crossllead rate of 0. 05 cm/min and load versus time was 
r e c o r d ~ d .  
This test, while not an academically pure shear test, was a good evalua- 
tion of in-scrvicc loading conditions. 
DIMENSIONS = mm 
Figure 3 -2. Specimen Used for  Longitudinal Shear Tests  
3.7 Stress Rupture Tests  
The specimen dcsign used for  longitudinal and transverse s t ress  rupture 
tests was the snmc as  that used for tensile tests (Figure 3-lj. Tests  were 
run a s  constant load tests in a i r  o r  5 psig argon, a s  designated. 
3. 8 Thermal Cycling 
Specimen blanks 0. 7 cm in diameter by 4. 4 cm long were used for thermal 
cycling. The specimen blanks were cycled bare or  sealed within an evacuated 
quartz tube in a static air, resistance-wound furnace tube. The thermal cycle 
consisted of a one hour period, with 50 minutes in the furnace and 10 minutes 
outside the furnace which was automated for  continuous operation. A thermo- 
couple recorded temperature on a str ip chart recorder. The specimens cooled 
to approximately 200 "C and spent approximately 40 minutes at the furnace 
temperature of 1150 "C during each cycle. A thermocouple and a continuously 
monitoring proportional controller maintained furnace temperature. 
After thermal cycling, a short piece was cut off the end of each blank 
for metallagraphic examination. The remainder was machined into a s t ress  
rupture specimen. 
3. 9 Cyclic Oxidation 
The apparatus and cycle used for tlie static a i r  cyclic oxidation tests 
were the same as  those used for the thermal cycling. Test specimens were 
0.25 cm in diameter by 4.13 cm long. Maximum temperatures of 1100 and 
750 OC were used as  designated. Periodic weight change measurements were 
made. 
Mold/Metal Reactivitg 
A mold/rnetal reactivity test evaluated the reactivity of a candidate shell 
mold material for directional solidification of turbine blades. Because eu- 
tectics are cast at maximum melt temperatures in excess of those currently 
in use for conventional superalloys, it was decided to use an A1203 shell mold 
with a SiOz base binder. The molds consisted of inner layers of fine flour 
coats and several outer layers of a heavier A1203 sand. The blade castings 
were g~owrl  with a superheat of approximately 250 OC in a Bridgman apparatus 
having an upper pouring chamber. 
4. THE yly' -Ma SYSTEM (M.F. HENRY) 
4.1 Background 
This system base consists of an ordered face centered cubic alloy of a 
(Ni, Al) matrix of y / y t  and a body centered cubic iVlo reinforcing phase. The 
p r i n ~ a r y  reasons for studying this system a re  the ductility of both phases, 
low density, high temperature strength, and ease of processing. 
There is  a eutectic in the Ni-A1 systenl at  24.4 a /o  A1 and 1385 " ~ ( l )  and 
a eutectic in the Ni-Mo system at 35 a /o  Mo and 1315 OC. The presence of 
the high congruent point of NiAl at  1638 "C and the high melting point of IVIo at  
2610 "C means there must be a liquidus isotherm in the Ni-Al-Mo system at  
1315 "C which winds i t s  way from the Ni-Mo eutectic to the Ni-A1 line at  about 
70 a / o  Al. The ternary Ni-A1-Mo diagram at  1175  ' ~ ( 2 )  shows a two-phase 
solid state region yti-Mo. This suggests the presence of a yt-Mo eutectic where 
the low meltin trough crosses over the yt+Mo regime. Such a eutectic has 
been reported 6J 4, at  Ni-17. 6 a/o  Al-16.7 a /o  Mo. Work at the General Elec- 
t r ic  Corporate Research and Development Center has revealed a very flat 
thermal a r r e s t  in the cooling curve at Ni-17. 68 a /o  A1-16.30 a /o  W4o at 1302 OC. 
At the eutectic temperature, 
i71T 
bout 1. 1 a /o  solubility of Ni in Mo, and 
about 6. 5 a /o  solubility of A1 in Mo. 
Literature on the reported y '  -Mo eutectic w a s  very limited. Thompson 
and ~ e m l r e ~ ( * ) ,  in a table, report a NisAl-Mo eutectic with 2 6 v/o fibers, a 
melting point of 1306 "C, a density of 8,18 g/cm" a Young's Modulus of 
138 G N / ~ ~  (19. 7 x l o 6  psi), and room temperature tensile properties of 
1120 M N / ~ ~  (160 ksi) ultimate strength with 21$ elongation. The composi- 
tion reported by ~ s h b r o o k ( ~ )  was Ni-8 w/o A1-27 w/o Mo. 
Prior  to this contract the General Electric Research and Development 
Center performed a considerable amount of study on the y / y -Mo system. 
Two alloys had received mechanicai testing. The alloys a r e  designated AG8 
and AG15 and their compositions are: 
Atom Percents Weight Percents 
Ni A1 Mo Ni A1 Mo Alloy - - -  - - -  
The AG8 appears to be very close to a pure y t  matrix in the as-DS1ed state 
while the AG15 contains a low volume fraction of y in the matrix. The AG8 
w a s  grown at  2.5 and 5.1 cm/hr and the AG15 was grown at  2.5 and 15.2 
cm/hr. The ingots were approximately 8.2 cm in diameter and 10 cm in 
length and were grown in a thermal grad-,ent of 70-80 "C/cm. The AG8 was 
aligned a t  2. 5 cm/hr and incipient cellular at  5. 1 cm/hr. AG15 w a s  aligned 
at 2.5 cm/hr and cellular a t  15.2 cm/hr. The density of AG8 was measured 
at 8.2G g/cm3 and an electronic gating technique on the SEM gave a fiber 
~rolume fraction of 0.19. 
The values of room temperature ul-timate strength were significantly 
higher than that reported by Thompson and Lemkey. (4) The reasons a r e  not 
clear,  but possible explanations could be the degree of alignment o r  the level 
of impurities. Also, Thompson and Lemkey do not report a solidification 
rate. The hot tensile tests were quite encouraging. The strengths were be- 
low the goals set for this contrac7t effort, but the strengths and ductilities 
were respectable for a simple three element system. 
These two alloys were also s t ress  rupture tested in argon, and results 
were considered very promising for a sinlple three element system. They 
provided hope that alloying additions could bring this system up to the s t ress  
rupture goal. 
During the course of t i s  contract, a separate General Electric study on 
Ni-Al-Mo phase  diagram'^' determined that a l l  the alloys studied here were 
y -Mo eutectics. 
 emk key(') had reported that above 5 w/o Al, the alloys were 
y -Mo eutectics which subsequently precipitated y. This study(5) shows that 
even at 8 w/o Al, which yields a fully y '  matrix a t  room temperature, that 
the alloy froze a s  a, y-Mo eutectic and precipitated y ' .  Reference 5 shows the 
work in detail. 
4.2 Alloys 
The alloys studied on this contract cover a range of 10.0 to 17. 7 atom 
percent al.uminum and include a preliminary study of the effects of Ta, Ti, 
and Re a s  fourth element additions. Table 4-1 l is ts  the compositions exam-, 
ined a s  atomic percents, and Table 4-2, a s  weight percents. The composi - 
tions a re  listed in the order that they were examined. 
An ingot of each alloy was directionally solidified a s  a 2 .2  cm diameter 
bar  at  2 cm/hr  using a thermal gradient of approximately 100 "c/cm. The 
ingots were examined for microstructure by grinding a longitudinal flat the 
entire length of the bar. This flat was then metallographically polished and 
examined microscopically. If a given composition resulted in 5 cm of aligned 
structure a t  2 cm/hr, a second bar was grown at  2 cm/hr  and the alloy was 
scheduled for mechanical testing. If an alloy did not yield aligned structure 
a t  2 cm/hr, a second bar was grown at  0.64 cm/hr  and that bar was scheduled 
for mechanical testing. Table 4-3 gives the metallographic results and den- 
sities. 
Table 4 -  1 
Melt Compositions in the y / y ' -Mo System 
Atomic Percents 
Alloy 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Table 4 - 2  
Melt Compositions in the y / y ' -Mo System 
Weight Percents 
Alloy Ni 
-
A1 Mo Ta Ti Re 
- - - - -
1 65.5 8.1 26.4 - -  - - - - 
2 62. 5 6.3 31.2 --  - - - - 
3 58.0 4.8 29.0 8.2 - -  ,- - 
4 64.3 7.4 25.9 - -  2.4 - -  
5 65.3 7.5 25.6 - -  - - 1.6 
6 61.4 6.9 31. 7 - -  - - - - 
7 62.0 5.7 32.3 - -  - - - - 
8 67.3 5.2 28.2 - -  2.3 - -  
9 59,4 4.2 36.4 --  - - - - 
Table 4-3  
Characterization of Directionally Solidified y / y t  -Mo Ingots 
us 
Rate 
(cm/hr) 
Length of 
Aligned 
Structurc 
(~111) 
Density 
cg/ cm 4 
longitudinal s t r i pe  alloy Ci appczred to be incipient cellular,  so  a second bar  
w a s  grown a t  0. 64 c m / h r  and both r a t e s  were scheduled for mechanical  t e s t -  
ing. Detailed t r ansvc r sc  lnetallography of the 2 c m / h r  bar  of alloy 6 la te r  
classified the bar  a s  aligned. Allc-rv 8, grown a t  2 c m / h r ,  was cel lular  and 
the second ba r  was grown a t  0. 64 cm/hr .  130th r a t e s  were  mechanically 
tested, specificzlly to e v a h a t e  the effect of this deqree of cellulari ty on m e -  
chanical  properties.  Electrc>-di schar.qe -machining (E;;D%1) of the f i r s t  0. 64 
c m / h r  ingot of alloy 4 r t~vea led  numerous casting defects  in the form of "folds" 
and /o r  "laps" extending into the interior of thc ingot. After the s t r e s s  rupture  
specimens gave unexpectedly sho r t  lives, a secor~d Ingot w a s  grown a t  0. 64 
cm/h r .  Examination a f te r  ED17 revealed a high density of "folds" o r  "laps" 
in t h i s  ingot also. It appea r s  that 3 a / o  Ti added to Ni-Al-370 of such a high 
A1 content (16.2 a io )  will not be very  cnstable. Alloy 8 with 3 a / o  Ti  and only 
11. 8 a / o  A1 did not displ,ay the s a n l c  problem. 
Figure  4 - 1  shows the s t ruc ture  of a l l o * ~  1. The matr ix  has  been deep 
etched to reveal  the tnorphology of' the \ lo  rrinforcing fibers.  The f ibers  a r e  
predominantly square ,  with a s ide dimension of 0.5 to 8. O gm when grown a t  
2 c m / h r .  -4s the A1 content is l ~ w e r e d  ir. the th ree  element Xi -,41-\1 system,  
the amount of y' precipitate decreases .  O ~ ! ~ ~ P h L  PCC'C. qs 
, *, r .-? I.' 
, . .  . . .  
6: , . - .  .'. -. , , . . , a  , 
I;igure 4- 1. Scanning Electron Micrograph 
of a T ransve r se  Section of 
Deep Etched Alloy 1 (y /yl-Mo) 
A transverse section of alloy 1 grown a t  2 cm/hr was thinned and exam- 
ined in transmission electron nlicroscopy (TEM). Electron diffraction was 
performed to determine crystallographic orientations. The Mo-fibers and 
y matrix both have a <loo> growth direction. The square sides of the Mo- 
fibers a r e  (110) planes and mate with (100) planes in the y '  matrix. 
Electron diffraction of alloy 2 also clearly revealed the presence of dif- 
fracting planes with a spacing 3.9 A. Dark field pictures on tha,t spot show 
those planes to be present in a precipitate phase within the gamma. A search 
of the x-ray card files and the ternary phase diagram has identified that phase 
as Ni4Mo. Re-examination of alloy 1 diffraction patterns also revealed a spot 
a t  3. 9 A, tbui; the NieMo is also present in that alloy. 
T e ~ s i l e  Properties 
Table 4-4 presects the initial tensile data gathered on 2.2 cm diameter 
ingots of the nine y/yl-Mo alloys studied here. Ultimate terisile strengths 
a t  750 and 1100 "C a r e  plotted versus atomic percent aluminum in Figure 4-2 
for the 3 element alloys. For optimum tensile strength in the Ni-Al-Mo sys- 
tem, Figure 4-2 shows that an alloy should have 13-14 a /o  Al. The strengths 
for the Ta, Re, and Ti additions fall in tlie same ~eg i rne ,  except for alloy 4 
which had "folds" and/or "laps. l1  
Alloy 7 (at 13.2 a / o  Al) grown at  2 c m / h  was selected for a more de- 
tailed mechanical property evaluation than the screening tests  used for the 
other 8 y / y  -Mo alloys. Table 4-5 presents all the tensile r e s l  l t s  for alloy 7, 
and Figure 4-3 plots the ultimate strengths. The transverse strength i s  above 
60% of the longitudinal from 100 to 1100 "C and above 70$ from 400 to 1050 "C. 
The longitudinal ductility of alloy 7 i s  in excess of 15% at  all  temperatures and 
is above 2.546 in transverse ductility for the 3 temperatures measured. Alloy 7 
meets the ductility goals of this program. 
4.4 Longitudinal Shear Strength 
Longitudinal shear tests were run on al.loy '1 grown at  2 cm/hr  at  room 
temperature, 750 and 1100 "C. All the shear failures were along the gauge 
section a s  designed. Figure 4-4 shows a macrograph of a failed 750 "C speci- 
men, Table 4-6 gives the data and Figure 4-5 plots it. The original goal for 
this program was a longitudinal shear strength of not less than 35$ of the 
longitudinal tensile strength. The preliminary data show this ratio to be 
greater than 35% for the temperature range of 300 to 1100 "C. For  650 "C, 
which is a typical critical dovetai.1 temperature, the ratio is approximately 
52%. 
4. 5 Stress Rupture Resistance 
Table 4- 7 presents the initial s t ress  rupture data gathered on 2.2 cm 
diameter ingots of the nine y / y  -Mo ingots studied here. The table shows 
Table 4-4 
DS 
Rate 
All.oy (cm/hr) 
Tensile Data on y / y ' -MO Alloys 
Temp. 
("C) 
P 
Elong. 
ATOMIC PERCENT ALUMINUM IN Ni -Al-Mo 
Figure 4-2, Ultimate Tensile Strength Versus 
Atomic Percent Aluminum for 
Three-Elernent y /  y ' -Mo Eutectics 
why alloy 7 was selected for detailed property evaluation on this contract. 
Alloy 7 had the bcz+ halance of critical gradient to rate ratio and 750 and 
1100 "C s t ress  rirpl'zre resistance. 
Figure 4-6 displays s t ress  rupture resistance for the three element 
alloys a s  a function of aluminum content. As with the tensile strengths dis- 
cussed in Section 4. 3, s t ress  rupture resistance is maximized for the three 
element system in the vicinity of 15 a /o  Al. 
Alloy 8 (11.8 a /o  A1 with 3 . 0  a / o  Ti) was grown and tested at  two rates 
in the initial property evaluation to evaluate the effect of cellular material. 
The microstructure of alloy 8 grown at  2 cm/hr  i s  considered to be severely 
cellular. The s t ress  rupture comparison is a s  follows (froin Table 4-7): 
Temp. Stress Time to Failure (hr) 
PC) ( M N / ~ ' )  Cellular (2 cm/hr)  Aligned (0. 64 cm/hr)  
Table 4-5 
Tensile Resul ts  on Alloy 7 (y / y '  -&'To) Solidified at 2 crn/hr 
Temp. 
("C) 
Longitudinal 
Transverse 
-
TEMPERATURE ( O F )  
AG 60 
E 
' 1200- Z 
I 
- 1000. 
V) 
m -------- 
aW 800- 
b- 
m 
W 600 - 
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- + 
g 200- 
\ 
TEMPERATURE ("C) 
17igurr  4-3 .  T r n n s v r r s r  nncl 1,ongitudinal b l t i m a t ~  T r n s i l r  S t r r s s  
l ' r r s u s  T r m p r r a t u r  -. f o r  Alloy 7 (I / y '  - \ l o )  
F i g u r e  4-4. M a c r o g r a p h  of Y /  Y' - h'lo Longi tudina l  
Shear  S p e c i m e n  'i'cstccl nt 750 OC 
4-10 
Table 4 -6 
Longitudinal Shear Strengt!~ of Y - Y '  -Mo 
Allov 7 a t  2 c m / h r  
Temp. 
("C) 
-- 
Long. Shear Strength 
- ( M N I ~ ~ )  
TEMPERATURE ( O F )  
80o0 I 4 0 0  7 ' -  I 800 1200 - - -  1600 2000 
- ---1 
AG 6 0  
CU - r LONGITUDINAL SHEAR 
TEMPERATURE i ° C )  
Figure 4-5. Longitudinal Shear S t r e s s  Versus Tempera ture  
fo r  Alloy 7 ( y /  y ' - M O )  
Table 4-7 
Stress Rupture Data on y / y l - M O  Alloys 
DS 
Rate 
( c m / h ~ )  
Time to 
Failure 
(hr) 
k 
Elong . 
Temp. 
("C) 
Stress 
I ( M N / ~ ~ )  Alloy 
Figure 4-6. Hours to F a i l u r ~  in Stress Rupture versus  Atomic Percent 
Aluminum for  Three-Element Y/ Y' -Mo Eutectics 
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The cellular material is seen to be much less  creep resistant at  1100 OC 
and about the same a s  aligned material a t  750 OC. 
Alloy 7 (at 1 3 . 2  a /o  A1 was selected for more detailed tests. Table 
4-8 gives the results. Note that for the condition where four tests  were 
run (1100 "C and 110 M N / ~ ' ) ,  the scatter about the mear. life i s  only kl5$ 
o r  f O .  15 X 103 on Larson-Miller parameter. 
Figure 4-7 .s a plot of longitudinal and transverse s t r e s s  rupture res is-  
tance of alloy 7 grown at  2 cm/hr and tested in argon. The transverse 
s t ress  rupture resistance is excellent and is essentially parallel to the longi- 
tudinal, even down to test temperatures of 750 "C. 
Two rupture tests on alloy 7 were run in an a i r  atmosphere to quantify 
the degree of degradation in life caused by the hostiie environment. From 
Table 4-8 the a i r  atmosphere causc; a 15s loss in life o r  0.15 parameter 
loss at  750 "C and a 30% loss in life or 0.35 parameter loss at 1100 "C. 
Alloy 7 was aligned at 2 cm/hr in a gradient of 100 OC/cm. To look a t  
the effect of solidification rate. an ingot of alloy 7 was grown at  3 cm/hr  in 
a gradient of 130 to 150 'C/crn. The ingot was 14 cm long. Metallographic 
\ LONGITUDINAL 
Figure 4-7. Longitudinal and Transverse Stress Rupture Resistance of 
~ 1 1 0 ~  7 ( y /  yl-Mc) Grown at 2 cm/h .  and Tested in Argon 
Table 4- 8 
S t r e s s  Rupture Results f o r  Alloy 7 (Y/Y' -Mo) 
DS 
Rate  Tes t  Temp. S t r e s s  Life % % 
( cm/h r )  Atmos. ("C) 
-- ( ~ ~ / m 2 )  -- (hr) Pzo*: Elongo R.A. 
2 Argon 
Air  
Longitudinal 
700 
800 
800 
375 
220 
110 
110 
110 
110 
12 5 
800 
110 
800 
800 
12 5 
12 5 
T ransve r se  
-
2 Argon 750 600 25.8 39.44 2 3 
9 & p z O  = T(1.8)(20 f log t) X [K, h r ]  
examination of a polished longitudinal stripe revealed 1.4 cm of chill cast 
structure, 5.2 cm of aligned structur*e, a zone of 4.1 cm with the edges of 
the stripe cellular and the center aligned, and the remaining 3.3 cm cellular, 
Both structures were tested at  750 and 1100 "C in s t ress  rupture. The data 
from Table 4-8 a r e  summarized here: 
BS Rate Life (hr) at 750 "C Life (hr) at  1100 "C 
(cm1h.r) Microstructure 
- 
and 800 MN/m2 and 125 ~ ~ / m 2  
2 Aligned 84.6 49. 8 
3 Aligned 159.5 98.8 
3 Incipient 121.2 
Cellular 
The 3 cmlhr s t ress  rupture life is approximately twice that of the 2 cm/hr 
material, which is 0. 5 parameters a t  750 "C and 0. 75 parameters a t  1100 "C. 
The incipient cellular material showed a 10 to 15% loss in life over aligned 
material at the same rate. The indications a r e  that even a small fraction 
of cellular cross-section w i l l  degrade rupture resistance. 
4. 6 Thermal Cycling Resistznce 
Thermal cycling resistance was evaluated by prior thermal cycling to 
1150 "C and subsequent rupture testing at 1100 "C. Section 3 describes the 
procedure. Alloys 1, 2, and 7 were thermally cycled for approximately 
150 hours o r  cycles, and alloy 7 was also cycled for 500 hours or  cycles. 
The microstructural effect of thermal cycling in all  tlwee alloys was 
to agglomerate the y phase in the matrix. In the as-directionally solidified 
state, the y phase was essentially between, and not touching, the Mo fibers. 
After thermal cyclirig to 1150 "C, the y phase was clumped and touching the 
Mo-fibers. Figure 4-8 shows a comparison of uncycled and cycled material 
for alloy 1 
Table 4-9 gives the subsequent stress-rupture results on thermally 
cycled specimens. Two specimens of alloy 7 which were thermally cycled 
saw an overshoot on temperature of approximately 75 "C (135 OF) for about 
80 cycles. These specimens showed about a 70% loss in life a s  opposed to 
the 55% loss exhibited by the specimens cycled for 160 cycles to 1150 "C. 
The tentative coiiclusion is that the lower aluminum content alloys undergo 
more thermal cycling degradation. It must be noted, however, that the maxi- 
mum temperature used in the cycling was 1150 "C. Previous studies on ther-  
mal cycling have examined maximum temperatures of 870 to 1100 "C and shown 
that the effect is very sensitive to maximum cycle temperature, with the de- 
gree of degradation decreasing maximum temperature. It is necessary, there- 
fore, to evaluate these alloys at a more realistic maximum temperature like 

Table 4-9 
Results of Prior  Thermal Cyc,ling and S~tbsequen t 
Stress Rupture for Y / Y '  -Mo Alloys Cycled to 11 50 OC 
Life in Hour s 
No. of a t  1100 OC Ratio of Cycled 
Thermal and 1100 M N / ~ ~  Lifc 31 Uncycled 
Alloy Cycles after Cycling Life 
*Due to equipment malfunction, these cycles consisted of ap~roximately 
80 cycles to 1225 O C  and 83 cycles to 1150 *C 
1100 OC in order to fairly assess  the degree of their thermal cycling problem. 
Cyclic oxidation pins cycled to 1.100 OC showed Par less  agglomeration of y phase 
than the specimens cycled to 1150 OC, 
4. 7 Cyclic Oxidation 
Cyclic oxidation tests  were performed in a static a i r  furnace at  750 and 
1100 OC. Section 3 gives details. Tables 4-10 and 4-11 present the data on 
the alloy, 7, receiving detailed evaluation under this contract. 
The 21 mg/cm2 weight loss in 1000 hours cycling to 750 OC represents a 
penetration of approximately 2 5 1-1 m or 0.001 inch. Metallography was per - 
formed on both specimens and no preferential attack of matrix or  fibers was 
observed. 
The 260 mg/cm2 weight lass of 170 hours cycling to 1100 OC represents a 
penetration of approximately 300 pm or  0.01 2 inch. Metallography w a s  per - 
formed on both specimens and no preferential attach of matrix or fibers was 
observed. 
Table 4-10 
Cyclic Oxidation of Alloy 7 ( y/ y -Mo) 
a t  750 "C 
Hours of 
Cycling 
0 
Weight Change (mg/ cm2) 
Specimen No. 1 Specimen No. 2 
0 0 
-1.74 -1. 66 
-1.96 -1.97 
-2.10 -2.17 
-3.44 -3.18 
-6.84 -6.46 
-10.73 -10.31 
-12.71 -12.30 
-13-73 -13.47 
-15.21 -14. 88 
-16.79 -16.18 
-20.01 -19. 63 
-21.00 -21.03 
Table 4-11 
Cyclic Oxidation of Alloy 7 ( y /  y t  -Mo) 
at 1100 "C 
Hours 
of Weight Change (mg/ cm ') 
Cycli2g Specimen No. 1 Specimen No. 2 
4. 8 ~ o l d / M e t a l  Reactivity 
Alloy 7 was used to  evaluate potrllLlnl rnold/metal reactivity problems in 
the y /  y'-Mo system. The casting t r ia l  was cn a GF: C F 6  blade grown a t  lcrn/hr. 
I*'igure 4-9  shows the blade. T3ec.ause o f  the si l ica core ,  the maximum melt  
t empera ture  was limited to 1565 OC ( 2 8 5 0  "1. ). The blade was grown a t  1 cm/hr  
to allow for m o r e  t ime for reaction of thc nlolten meta l  and ceramic.  The 
mold was a multilayer, silica-bondr.d alumina shel l  produced a t  the General  
Electr ic  Corporate  Research  and 1)cvelopment Center,  and the c o r e  was a 
commercial ly  purchased si l ica bodv. 
The blade surface afte;. the mold was broken off showed no ser ious  s u r -  
face defects. The blade was then sectioned longitudinally, mounted, and met -  
allographicallv polished. There  was l i t t le o r  no evidence of interaction with 
the mold. In general ,  the per formanc .~  of this alloy in the mold i s  good. 
F igure  4-9. Macrograph of CI+-G Blade of Alloy 7 (y/yl-Mo) Grown at 1 c m / h r  
5. THE y=/? SYSTEM (M.R. JACKSON) 
5.1 Background 
The system consists of a face ccntclrcd cubic solid solution (y) of Ni, Al, 
and other elements, and a CsCl structured ($) substoichiometric (Ni, M)AIJ 
where M is generally F e  o r  Co. The primary reasons for studying this sys- 
t em were i t s  expected oxidation/hot corrosion resistance, low density, low 
cost melt stock, high probability of alloying for  strengthening, and ease of 
processing. 
Unlike the Co-A1 binary system, (7-9) the NI-A1 system does not exhibit 
a y-fl eutcctic. In the binary Ni-A1 system, (1) a eutectic forms at 24 a /o  A1 
and 1385 "C, between y and y ' ,  However, Cr additions tend to suppress the 
stability of the y1 phase(lo-12) and a liquidus trough is expected between y 
and p. Below about 1 O O O  OC, the y l p  phase field is eliminated from the 
NiCrAl ternary phase diagram by thc presence of a y t  -ta (bcc Cr )  field. (11) 
Simple NiCrAl y-$ alloys a r c  expectt3d to be ~nicrostructurally unstable for  
service that includes temperature cycling through the yy3 ~ r ?  y t + a  transition.(l3) 
Another ternary system that has been studied in detail is the NiFeAI system. 
F e  suppresses the stability of y', and because of the large compositional range 
for  f3-(Ni, Fe)AI and the narrow range for y' ,  the Y + $  phase field i s  not elimi- 
nated at lower temperatures. Eutectics in this ternary syster," rtre expected to 
bc microstructurally stable. 
The interest in the Y-@ quarternary Ni-Cr-Fe-A1 system ar ises  from the 
exceptional high temperatu.re oxidation resistance of Ni-Cr -A1 alloys. These 
materials a r e  being considered a s  coatings for hot section jet engine turbine 
components. (14-16) The goal of studying the Y-p alloys is to couple the ex- 
pected oxidation resistance with the useful high temperature mc>chanical be- 
havior that may result from an aligned eutectic structure. 
A considerable amount of research was performed at General Electric on 
the Y-f3 NiFeCrAl system prior to the beginning of the present contract. (17) 
A 10 a/o addition of F e  o r  Cr  results in 1.5 a/o l ess  A1 in the eutectic alloy, 
Eutectic trough A1 compositions were determined a s  a function of Cr  and F e  
contents, and partial o r  complete suppression of Y solid state precipitation 
was controlled through composition adjustment. Cyclic oxidat ion exposures 
to 1100 "C showed the Cr-containing alloys formed a protective scale, while 
the Ni-Fe-Al alloys spalled relpidly. Room temperature strength was excel- 
lent, due to the @ phase, but high temperature strength was poor a s  @ weakens 
rapidly a s  temperature increases above 650 "C. 
After the beginning of the present program, additional studies at the Gen- 
e ra l  Electric Company indicated another class of Y - @  alloys, based on the 
Ni-Al-W system, might have greater flexibility in alloying to improve prop- 
erties.  Compositions in this class constituted a major portion of the present 
'study. The experimental ternary Ni-A1-W diagram of ~ u d b e r ~ ( l 8 )  and that 
calculated by Kaufman and ~ e s o r ( l 9 )  were in significant disagreement. An 
experimental redetermination showed the form of the diagram to be the same 
as  Budberg's analysis, but the Y and P compositions were close to Kaufman 
and Nesor's calculations. The Y-@ eutectic phase compositions do not change 
significantly from the eutectic temperature range down to 800 OC, suggesting 
cyclic thermal stability for  these alloys. No y'ta field was observed, and it 
is concluded that the calculated diagram of Kaufman and Nebor is incorrect. 
5.2 Alloys 
Tables 5-1 and 5-2 l is t  the compositions studied for the y-$ system. 
Alloys 10 and 11 a r e  in the Ni-Fe-Cr-A1 system, with alloy 11 containing 
1 a/o W to attempt solid solution strengthening, The remaining alloys a r e  in 
the Ni-Co- A1- W system with iterations aimed at determining microstructure/ 
composition/property relationships. Alloys 12-1  5 consider different Co 
levels, alloy 17  considers partial replacement of W by Mo, and alloy 113 at- 
tempts to change the morphology of the Y-B eutectic from lamellar to fibers 
of P .  
Table 5-1 
Melt Compositions in the y-13 System 
Atorric Percent 
Alloy Ni A1 - -- F e  - Cr - Other W - Co 
10 53 1 7  10 20 - - - 
Table 5-3 l i s ts  the densities measured in aligned regions and the length 
of aligned structure observed on longitudinal polished stripes of the direction - 
ally solidified ingots. Bars  were approximately 2 cm in diameter. In addi- 
tion, a bar 4.1 cm in diameter was grown for alloy 15. For many of the 
alloys, the sort-out zone was l e s s  than 0.1 cm in length. This is an indica- 
tion that the nominal melt composition is very close to the eutectic liquidus 
trough. A large change in volume fraction of and of lamellar spacing was 
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Table 5-2 
Melt Compositions in the y-fl Syatern 
Weight Percent  
Alloy - Ni A1 
-
F e  
-
C r  
-- W - - Co - Other 
1 0  GO. 2  8. 9 10. 8 20.1 - - - 
noted a s  Co content increased. Figure 5-1 compares the s t ruc tures  for  la -  
me l l a r  and fibrous Ni-Co-Al-W alloys. Although the longitudinal s t r ipe  of 
alloy 1 6  showed fully eutectic structure,  the t r ansve r se  sections indicated 
only a r i m  of eutectic, with the remainder being a mixture of Y dendrites 
and interdendritic eutectic. F o r  alloy 18 the nominal melt  composition was  
v e r y  A1 poor, but aligned eutectic was produced at  the tops of both ingots. 
80 ~ r n  80 Dm 
(a) (bS 
Figure  5 -1. Transve r se  Microstructures for  the Ni-Co -A1 -.W y - p  Yutectic 
Allo;,-s: a) Lamellar  (Alloy 17), b) Ffbrous (Alloy 18) 
Table 5-3 
Characterization of Directionally Solidified Y "'0 Ingots 
Length of 
DS Rate Aligned Structure Density'l::;: 
Alloy - (cm/hr) (crn) (g/crn3 ! 
a- 
'1'4. 1 cm diameter, all others 2. 2 cm diameter 
)I:>I:Multiple determinations a re  separated by a / 
For  alloy 10, qualitative electron beam ~ c r o a n a l y s i s  was performed on 
the individual phases using a scanning electron microscope and s o i ~ d  state 
detectors. The analysis showed Y to be 45 a/o Ni, 26 n/o Cr, 1 2  a/o Fe, 
1 7  a/o Al, and p to be 47 a/o Ni, 5 a/o Cr, 15 :i/o Fe, 3 3  a/o  Al .  The corn 
position of S in equilibrium with y at 1250 O C  should be near 35 a/o Al.  
X-ray fluorescent analysis was performed on transverse sections from 
aligned regions of a number of Ni-A1-W Y - $  eutectics (Table 5-4). The stan- 
dard for the analysis was the chill-cast region of alloy 1 2 .  For analysis, the 
composition of this alloy was assumed to he the exact nominal melt composi- 
tion, but this assumption may lead to e r rors  in analysis. Also, the use of a 
single standard technique(ao) can introduce further e r ror .  However, the 
data appear to be extremely consistent and reproducible. Trends in the data 
for  A1 and W correlate well with density data and with strength data. The 
fluorescence analysis shows that the addition of Co tends to lower the A1 con- 
tent of the e~~ tec t i c .  The W level increases slightly from 0 to 15 a/o Co, and 
then decreases at 25 a/o Co. Density of the alloys follows the same trend a s  
do the W contents. The A1 solubility in the Y phase decreases with increasing 
Co, 
For the Y-a eutectics, variations in lamellar spacings observed along 
the length of an ingot a r e  quite small and x-ray fluorescent analysis reveals 
that there is no significant segregation along the length of the ingot, a s  the 
density measurements confirmed, 
5. 3 Tensile - Properties 
Table 5-5 l i s ts  the results of tensile tests for  the Y-13 alloys. For  the 
Ni-Cr-Fe-Al-base alloys, the 1 a/o W addition of alloy 11 produced signifi- 
cant improvements in strength at all temperatures, without appreciable deg- 
radation of ductility. Tensile properties at 750 "C and 1100 "C were low com- 
pared to turbine application requirements. Ductility for longitudinal specimens 
was  adequate at  room temperature and  excellent a t  750 "C and 1100 "C. 
Table 5-5 shows the results of longitudinal tests  for the Ni-Co-Al-W base al- 
loys whose ultimate strecgtbs at room temperature are below those of the 
Ni-Fe-Cr-A1 alloys. Hc:wever, at both '150 "C and 1100 "C these alloys have 
tensile strengths that may be adequate for certain high temperature applica- 
tions. The differences between the L'wc classes of alloys at room temperature 
a r e  probably due to the higher volume fraction of 13 for  the Ni-Fe-Cr-A1 al- 
loys. At higher temperatures where the p phase exhibits greater ductility 
and l e s s  strengthening behavior, the high W concentration of the Y phase in 
the Ni-Co-Al-W alloys is probably responsible for improved perzormance. 
Elongations for the Ni-Co-Al-W alloys a r e  comparable to those of the 
Ni-Fe-Cr-A1 alloys over the temperature range studied, 
Table 5 - 4  
Ii'luorescent Analysis of Transverse Sections of Y-0 
Alloy 
1 4  
1 4  
1 4  
15  
15  
15 
15  
15  
12 
12  
12 
12 
12  
12  
13  
13  
13  
13 
13  
Ni 
- 
72. 0 
'72. 2 
73 0 
64. 6 
FC. 2 
65.5 
66. 0 
65. 9 
61. 9 
62. 9 
60. 5 
62.5 
59. 7 
62. 3 
50. 7 
51. 4 
51 .4  
50. 4 
50. 7 
Weight Percent 
Co 
- 
A1 
- 
5. 1 13. 2 
W 
- 
9. 7 
10  0 
8. 4 
12. 7 
12. 6 
11 .4  
11, 1 
11. 2 
9. 8 
9. 7 
11. 2 
10.3 STANDARD 
13. 0 
10. 8 
9. 4 
8. 7 
9. 1 
9. 4 
10. 4 
-- 
':<Location in ingot: 
CC-Chill cast, unremelted during directional solidification. 
B-Bottom, in eutectic region, near beginning of aligned structure. 
T-Top, in eutectic region, 4 cm above bottom section. 
Table 5-5  
Tensile Test Results for  y-p Alloys 
Trnip. 
Alloy (2 
10  23 
750 
1100 
1100 
Transverse Tes ts  
216 216 
225 225 
152 155 
Typically,  the  yield s t r eng th  of Ni-Co- Al-IV al loys  a t  r o o m  t e m p e r a t u r e  
i s  much less than the  u l t ima te  s t r enf lh ,  but a t  h igher  t e m p e r a t u r e s  t h e  yield 
and u l t ima te  s t r e n g t h s  a r e  nea r ly  identical .  T r a n s v e r ~ e  s t rength  is n e a r l y  
independent of t e m p e r a t u r e  and i s  much lower  than the  yield s t rength  of t h e  
longitudinal t e s t s .  T r a n s v e r s e  duct i l i t ies  a t  r o o m  t e m p e r a t u r e  and 750 "C 
a r e  nea r ly  z e r o ,  while t h e r e  is sl ight  ductility a t  1100 "C test ing.  
F r a c t u r e  s u r f a c e s  w e r e  viewed by  scanning e lec t ron  mic roscop ic  tech-  
niques.  At r o o m  t e m p e r a t u r e  and 750 "C the  f r a c t u r e  s u r f a c e s  of a l l  t h e  
l a m e l l a r  a l loys  showed longitudinal delamination along Y -$ in te r faces  and 
through the  8 p la te le ts  ( F i g u r e  5-2). T h e  P exhibited a f lat  f r ac tu re ,  while 
t h e  adjacent  Y pla te le ts  necked t o  a knife-edge shape.  At h igher  t e m p e r a t u r e s ,  
cons ide rab le  necking and deformat ion of the  Y m a t r i x  o c c u r r e d  around seg-  
m e n t s  of b r o k e n  8 pla te le ts .  Local ized s h e a r i n g  of the  m a t r i x  happened a t  
high t e m p e r a t u r e s  and in the  heavily deformed s h e a r  bands, s o m e  r e c r y s t a l -  
l izat ion of t h e  m a t r i x  was  seen. 
Figul .e  5-2. Scanning E lec t ron  F r a c t o g r a p h  of Room 
T e m p e r a t u r e  Tens i l e  T e s t  of Y-8, Alloy 1 0  
F i g u r e  5-3 shows t h e  m i c r o s t r u c t u r e  c b s e r v e d  f o r  longitudinal s e c t i o n s  
through the  f r a c t u r e  s u r f a c e s  of s p e c i m e n s  t ens i l e  t e s ted  a t  750 "C and 1100 "C 
f o r  t h e  f ib rous  al loy 18. F i g u r e  5 -4  shows a S E M  micrograph  of the f r a c t u r e .  
At 1100 "C, loca l i zed  s h e a r  bands  deformed,  r a t h e r  than f rac tu red ,  t h e  duc- 
t i l e  8 f ibe r s .  Recrys ta l l i -  f ion  of the  m a t r i x  w a s  obse rved  in  the  s h e a r  bands.  
At 750 "C a 465 reduct ion in a r e a  w a s  noted and s o m e  gra in  boundary delamina-  
t ion w a s  obse rved .  
F i w r c  5-3. Longitudinal Sect ions  Through T e n s i l e  F r a c t u r e  Spec imens  
of 17ibrous y -@ (i"\lloy 18)  .After T e s t i n g  a t  a )  1100 OC and 
b) 750 "C 
5 .4  Idongitudinal S h e a r  Strength 
S h e a r  b a r s  of al loy 1 5  w e r e  p r e p a r e d  t o  d e t e r m i n e  the  longitudinal  s h e a r  
s t rength  behavior  of the  l a m e l l a r  Y-p  s t r u c t u r e s .  Tab le  5-6 g ives  p r o p e r t i e s .  
F i ~ u i - e  5-5 shows tbat  t h e  f r a c t u r e  in s h e a r  is c o m ~ l e t e l y  g r a i n  boundary in  
na ture .  On the  fr?.cture s u r f a c e  o n e  c a n  see t h e  sca l loped g r a i n  boundary  p ro -  
duced by i n t e r s e c ~ i o n s  of the  @ p la te le t s  with t h e  g r a i n  boundary.  
Tab le  5-6 
Longitudinal S h e a r  St rength  
of Y -B Alloy 1 5 
Longitudinal  S h e a r  
T e m p e r a t u r e  St rength  ( M N / ~ ~ )  
23 "C 185  
Figure 5-4. STZM RTirl.;:r:~ph of t h e  750 OC T e n s i l e  
F r a c t u r e  of .-Illoy 18 
F i g u r e  5-5. Mic rog raph  l 'erpendicolar  t o  S t r e s s  Axis of a 
Longitudinal  S h e a r  B a r  Showing G r a i n  B o u n d a r y  
C r a c k  P ropaga t ion  in  Y - f l  (!\lloy 1 5 )  
5 - 1 0  
5. 5 Stress R u ~ t u r e  Resistance 
Table 5-7 summarizes the results of s t ress  rupture testing. The Ni-Co- 
A1-W alloys a r e  considerably stronger than the Ni-Fe-Cr-A1 y-@ alloys. 
The Y -dendritic structure of alloy 1 6  exhibits the same longitudinal rupture 
behavior at 1100 "C a s  do the eutectic structures of the same alloy. Appar- 
ently, the p phase does not provide substantial strengthening of the alloys at 
1100 "C. At 750 "C and below the phase provides significant strengthening 
of the alloy. I ' i p r e  5-6 plots the rupture strength versus parameter for 
alloys 13 and 15. The 10 a/o Co alloy (alloy 15) appears to be superior to 
the 25 a/o Co alloy (alloy 13), just a s  was the case for tensile strengths. 
P = T ( ~ o +  LOG 1 )  x [ K ,  hr] 
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Figure 5 -  6. Larson-Miller Rupture Parametric Behavior for the 
Longitudinal and Transverse Orientations of Lamellar 
Y -p Alloys 
Alloy 18 contains Re, V and Ta, and i t s  rupture properties a r e  fa r  supe- 
rior to any of the lamellar Y-@ structures because of i ts  composition. For  
the 750 "C tests, s t ress  had to be increased twice (see Table 5-7) in order to 
produce rupture within a reasonable time. After some initial period, the 
creep rate approached zero for a load of 483 M N / ~ ~ .  The s t ress  was in- 
creased to 586 M N / ~ ~ ,  and again a near-zero creep rate was reached. The 
s t ress  was increased to 690 I L I N / ~ ~  (100 ksi) and failure occurred in an addi- 
tional 80 hours. 
Table 5-7 
S t r e s s  Rupture Behavior of y-8 Alloys 
Longitudinal S t ress  Ruptu rz* 
-
Temp. S t ress  
~ 1 1 0 ~  (OC) ( M N / ~ ~ )  
Transverse  S t ress  R u ~ t u r e  
Life 
(hrs .  ) 
13 1100 3 4 0. 14 
1100 10 Unloaded 
after  234. 8 
*<Argon a t  1100 "C (except a s  noted), all  other tes ts  in a i r .  
:;;*;Step-loaded, 120 h r s  at 483 MN/m2, 115 h r s  a t  585 MN/', 
and 80 h r s  a t  690 ~ N / r n ' .  
Figure 5-6 plots transverse rupture. Both alloy 13 and 15 z re  much 
weaker in the transverse orientation. Only the 1100 "C tests were under 
load for a time great enough to accumulate much creep damage. A t rans-  
verse  test of alloy 13 was terminated prior to failure, a d  Figure 5-7 shows 
macr ographs of this bar. Although transverse tensile tests  showed almost 
no strain, the creep bar had accumulated 50% strain when the test was stopped. 
Although the microstructure in the unstressed portion of the bar showea the 
grains to be randomly oriented, the platelet structure in the most heavily 
deformed regions was essentially parallel to the applied s t ress  axis. The 
minimum thickness of the gage was approximately 24% a s  thick a s  the initial 
diameter. Along t ~ e  original diameter perpendicular to the minimum thick- 
ness direction, there was no reduction in cross  section, a s  seen in Figure 5 -7. 
Away from the most heavily deformed region, very little platelet fracture oc- 
curred but &rain boundaries and triple points were opened. 
3 crn 
ORlGlNAL PAGE IS 
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Figure 5-7. Macrographs of a Transverse 1100 O C  
Rupture Bar of y-B (Alloy 13) Showing 
a) Growth Axis in the Plane of the 
Photograph, and b) Growth Axis Pe r -  
pendicular to the Plane of the Photograph 
Thermal Cycling Resistance 
After approximately 150 hours of thermal cyclic exposure to 11 50 OC in 
air, little microstructural change from as-solidified structures occurred. A s  
expected, high energy sites, such a s  lamellar fault terminations and subgrain 
boundaries, showed agglomeration to  reach a lower energy configuration, but 
overall alignment was retained. Loss of A1 to oxide scale formation was most 
notable for the Ni-Co-A1-W alloys. Alloy 16, which was Y dendritic with inter- 
dendritic eutectic before cycling, was completely Y grains after cycling due 
to A1 loss depleting the structure nf 0. 
Table 5-8 l is ts  rupture data for 1100 OC argon tests  of the cycled ma- 
terials .  Although alloy 10 showed about 60% loss  in rupture life, the remain- 
ing alloys showed no degradation due to cyclic exposure. No rupture data 
following thermal cyclic exposure were generated for alloy 18 because there 
was insufficient eutectic structure. 
Table 5-8 
Stress Rupture Behavior a t  1100 OC in Argon 
After Thermal Cyclic Exposure io 1150 "C 
Stress Life 
Alloy ( M N / ~ ~ )  - (hrs)  
10 14 76. 1 
'1'500 hours of cyclic exposure, all  others 150-16G hours. 
Bars of alloy 15 were cycled to 1150 "C for 500 hours in order  to deter- 
mine the effects of extended cycling. Table 5-8 includes the data for this 
condition in which no degradation occurred, 
5. 7 Cyclic Oxidation 
Table 5-9 l is ts  weight change for each y-p alloy as  a function of 'the num- 
be r  of one hour cycles of 1100 "C oxidation. For  reference, a loss  of -8 mg/cm2 
corresponds to a 10 pm loss in pin radius. The behavior of the lamellar alloys 
varied very little with composition, and all alloys showed exceptional oxidation 
resistance. Although alloys 10 and 11 contain 20 a /o  Cr, and the others contain 
Alloy 10 
A S  hrs  
-
3 + .l 
15 +.3 
121 - . 8  
218 -1.1 
287 -1.6 
381 -1.9 
Cn 
I 481 -1.9 
C1 
Cn 574 -1.9 
642 -2.3 
693 -2.3 
734 -2. 7 
752 -2. 7 
968 -3.0 
1107 -3.1 
1199 -3.2 
1342 -3.2 
1561 -3.1 
Table 5-9 
1100 "C Cyclic Oxidation Weight Change for y-@ ,4lloys 
h hrs  I -
23 +.7 
42 +I. 1 
75 + . 6  
98 +.6 
15 1 0 
172 -.l 
236 - .2 
308 -1.2 
402 -2.4 
473 -3.6 
567 -3.1 
621 -3. 7 
11 12 13 
hrs  
-
22 
85 
102 
133 
157 
172 
293 
hrs  - 
-
a 
7 0 
14 +.l 
29 +.l 
37 +.I 
5 3 0 
6 1 0 
69 -.l 
84 -.2 
117 -. 2 
189 -. 4 
284 -. 7 
*A = weight change in mg/cm2 
hr  s A n 
- - 
6 + .7 .7 
12 +1.1 .6 
20 +I. 7 1.4 
23 +I. 5 1.0 
34 +.4 0 
108 0 - -4 
169 - . 6  -.9 
240 -1.3 -1.6 
437 -3.2 -2.7 
no Clr, the oxidation data for the two types of y-f3 allc~ys showed no significant 
difference, Alloys 10 and 11 appeared to be marginally better than the Ni-Co- 
Al-W alloys at  long cyclic exposure. For the Ni-Co-A1-W alloys, the approx- 
imate ranking of alloys followed the A1 concentration of the aligned structures. 
The oxidation of alloy 18 proceeded more rapidly because of the presence of V 
and Re. 
Table 5-10 l i s ts  the results of cyclic oxidation to 750 OC for two speci- 
mens of alloy 15. After 679 hours of cycling the pins still had a metallic 
sheen, with no evidence of thick oxide formation. The maximum change 
noted represented a loss of about 1 pm on the spec:imen radius. Very little 
oxidation o r  spallation occurred a t  750 O C ,  as  might be expected from the 
high A1 content. Metallography revealed no structural changes at the specimen- 
atmosphere interface. 
Table 5-10 
750 OC Cyclic Oxidation Weight Change for y-p Alloy 15 
Weight Chacge (mg/cma) 
EIrs Specimen1 Specimen2 
-
After cyclic oxidation microstructures of the pins of y -8 were similar 
in nature for  both the Ni-Fe -Cr -A1 and Ni-Co -A1 -W alloys. At the oxidizing 
surface a region of y was produced. As Al diffused to the outer surface to 
fo rm protective oxides, the composition of the region immediately below the 
oxide was depleted in Al, thereby transforming the y+$ phase field into the 
single-phase y phase field. Alloy 16  was A1 -deficient and had a y -dendritic 
structure in the as  -directionally solidified condition. After 100 hours of 
cyclic oxidation the pin of this alloy contained no $ phase and began to show 
signs of internal oxidation and grain boundary attack. 
IZertctivity of the molten 10 a/o Co y -@ eutcctic alloy (alloy 15) with an 
alumina shell mold was testctd by growing turbine blade s h ~ p e s  of the alloy 
at  2 cm/fir. A tandem casting was made of a solid and a cored TF-34 shape, 
with the bladss grown in the tip-down configuration. Thcre was appreciable 
interaction brtwcen the melt and the silica core which resulted in contamina- 
tion of the entire melt and (i matrix dendritic structure in both blades. Ilow- 
ever, no interaction between the melt and the mold system was observed. 
Solid blades of the 25 a/o Co alloy (alloy 13) were grown at  2 cm/hp in the 
TF-34 shape, fully aligned in the airfoil, and showed no interaction with the 
mold. Some breakdown in alignment occurred in the root. 
6. THE y-y' SYSTEM (M.R. JACKSON) 
l'hil sys tc t~i  consists of Y, an austenitic matrix of Ni, C'o, Itc, W and V, 
and fibc~rs of y', ;In ord(>rcd 1,12 plitrsc, bascbd on Ni3ill, but will1 'J.'a substitut- 
ing for somcl A1, ?'he primary reasons for studying this system were a high 
probability s f  alloying for strcngthcning, large volurnc fraccion of the sc~cond 
phase, and high tompc~~*atlirc phase stability. Ilensities were cbxpect~d to be 
subs tantially thc same a s  present -day supcbralloys. 
Studies on Ni-TnC alloys at  the Ck~neral Is:lcctric Clompany have inc*lrided 
some zero and low CJr alloys. The dclcreascd C ' r  was hoped to produce ,rester 
thermal stability through a dccrcased tcndclncy for sigma phase formation, and 
also to causcl greater lnaxirnum growth rales by minimizing C;/lt constraints. 
In the course of these alloy studies, it was found that A1 *nd 'l'a levels were 
quitc high in the last liquid to be directionally solidified due to segregation 
during solidification. Thcl levels were great enough in some ingots to allow 
for tllc formation of nodu1c.s of Y-Y'  vutc~ctic. X-ray fluorescent analysis of 
regions that were primarily I-Y1 led to the determination of the eutectic com- 
positions. Scvclral attempts at  alloy modification yielded alloys whose high 
tempcraturcl rupture properties wcrc essentially clquivalent to those of Y / Y '  -6 
and NiTaC - 13 cutcctics. Hc.ca~zsc the y -Y1 cutcctics contained considerablc 
A1, they were expected to resist  axidation better than y /y '  -6 and lSiTaC1-13. 
illso, the possibility of higher maximum growth rates and of lower sensitivity 
to cellular micr*ostrueturps wc.rr, potential benefits of thc y-y '  system. 
Smashcy of Gtncral Electric had earl ier  developed a class of Y - Y '  eutec*tics, 
but these alloys wcrc not based on Ki-Nis(Al, Ta)  and they contained none of 
tho potent strengthnners T7 or  IZe. Another study of Y - Y '  eutectics considered 
the Ni-Ta-A1 systtbm, but no indication of mechanical properties was given!21) 
Studies at  the Cicncral Electric Company havc also involved a number of 
compositions aimed at producing Y - v 1  cutcctic structures. On a wrbigllt per- 
cent basis, the rangc of compositions investigated was 6 -9  Al, 5-17 Ta, 
0-10 Co, O - G  V, 0-6 ICe, 2-6  W, and the balance Ni. Eutectic structurts  
could be formed when the total amount of A1 and Ta, in atom percents, was 
in the rangc of approximately 19-22 a/o.  For small additions of the other 
ailoying elcmcnts, A1 and Ta together could sum to the upper limit of about 
22  a /o .  However, a s  the amount of the other additions was increased, Ta 
and A1 had to be decreased to avoid a microstructure containing the P phase. 
In general, alloys with a ratio of Ta/(Ta+Al) in the range of 0. 1 2  to 0. 23, 
on an atom percent basis, had the best balance of strength, oxidation res i s -  
tance and density. For 1100 O C  s t ress  rupture in argon, a s t ress  of 96 M N / ~ ~  
resulted in failure after about 280 hours. This result is comparable to the 
present best high temperature eutectics, NiTaC-13 aiid Y-Y'-6. 
Tables 6-1 and 6-2 list  the compositions of alloys, and Table 6-3 l is ts  
microstructural analyses and densities. Densities were lmcasured in the 
aligned portion of the ingots and ranged f rom 8. 3 g/cm3 to 9.0 g/cm3. The 
Co level of the alloys had no noticeable effect on density. No alignment was 
achieved in alloy 2 3. 
Figure 6-1 shows the longitudinal microstructure for alloy 19. Alloys 
19  and 2 1  generally contained large regions of dendritic Y, within which was 
precipitated the y1 phase. The interdendritic regions contain aligned Y - Y t  
eutectic consisting of rods of Y1 in a thin networlr of y. At the melting point, 
i t  is presumed that the Y1 phase is the sainority component, but that the shape 
of the y/y-1-yt solvus is such that large amounts of Y t  a r e  precipitated from the 
y matrix. This precipitation probably occurs close to the melting point, since 
the additional Y1 forms on the original y t  f ibers rather than a s  a particulate 
precipitate within the y. Microstructural evidence from the 1150 "C thermally 
cycled ma te r id  also suggests the Y '  precipitation occurs at  very high temper- 
ature. This will be discussed later.  The high volume fraction of the rods of 
the Y t  phase is analogous to the behavior observed by Cline for  Co-CoA1. (7) 
The microstructures of alJ.oys 20 and 22  were fully aligned structures. Again, 
the volun~e fraction of the y1 rods was very high. 
Table 6-1 
Melt Compositions in the y -y' System 
Atomic Percent 
Allox I\Ji - A1 - Ta Co 
-
v 
- 
Re 
-
W - Other 
Alloy 20 was chosen for  more complete properties determination which 
required l a x - e  diameter bars for  transverse tensile and s t ress  rupture spec- 
imen preparation. The f irst  4. 1 crn diameter bar showed a largely yt  den- 
dritic structure, with little aligned eutectic. A secc ld ingot was grown from 
the same heat, and poor structure again resulted. Two more heats of this 
composition were made, and a 4.1 cm diameter by 15 crn long bar  was pro- 
duced from each, Approximately 5 cm of aligned eutectic resulted in one, 
'I'nblo 6-2 
Mclt Compositions in the y-y1 Systcm 
Wcight Pcrcc%nt 
All= - Ni A1 
-
Ta 
-
Co 
-
v 
- 
1% <> 
-
W 
- 
Other 
19 72.3 7.9 7. 7 5. 0 1. 5 2. 4 3. 1 - - 
20 68. 7 G. G 13.2 4. 8 1. 4 2. 3 3. 0 - - 
21 ($6. 2 8. 5 8-  1 10, 1 1. 5 2. 4 3. 3 - - 
22 63. 2 7. 1 13. 3 9. 6 1.5 2.3 3.0 - - 
23 58. 3 7. 4 7. 5 9. 8 2. 5 3. 1 4. 6 1 Mo 4. 3Cr 1. 5IIf 
24 69.4 6. 3 12. 8 4.8 1.4 2.3 3.0 - -  
Table 6-3 
Characterization of Ilirectionally Solidified y -y Ingots 
1 X  Rate Aligned l)cnsity::: 
Alloy (cm/hr) 
- (cm) (g/c1n3) 
"Duplicate determinations a r e  separated by a I t / .  I t  
"04. 1 cm diameter bars; others were 2.2 crn diameter. 
and 4 cm in the second (1.4 cm well aligned). The microstructures that r e -  
sulted suggest that the eutectic composition is extremely sensitive to small 
variations in chemistry and/or growth rate. 
Figurc  6-1. L,cngitudinal Microstructure  of y - y t  Alloy ?.9 
Tensile Proper t ics  
Tablf- 6 - 4  l i s t s  thv tensile proper t ies  of the y - y t  eutectic alloys. The 
mos t  obvious feature in the data i s  thc l a rge  amount of s ca t t e r  in both strength 
and ductility, with ductility measurScd by percent  elongation and reduction in 
a r e a ,  With this degr re  of scat tcr ,  no differentiation bctwetn alloys could be 
made. Thc strengths in the range of 750-1 100 "C a r e  significantly g rea t e r  
than convcntional supcralloys.  
The tablc a lso notcs t ransvprsc  propt r t ics .  l-Juctility in the t r ansve r se  
direction is nil, and s t rengths  a r c  a l so  much lowcr than the longitudinal o r i -  
entation. The approximate rat io  of t r ansve r se  to longitudinal s t rength is 
0.7 at 2 3  "C, 0.3 a t  750 "C, and 0 . 3  a t  1100 "C. 
Figure 6-2 shows representat ive fractographs of the tensile tes t  spec i -  
mens  f o r  longitudinally and t ransvcrsc ly  orientcd b a r s .  Although somv of 
the lor~gitudinal b a r r  showcd in excess  of lo$ elongation, the f r ac tu re  s u r -  
faces  always had a character is t ic  non-ductile appearance. The f r ac tu re  
su r f aces  indicate a grain-boundary r e l a t t d  failure,  possibly in y '  f i lms .  
Eutectic g ra in  boundary Ia i lures  wcre  seen  in longitudinally and t ransverse ly  
oriented samples when polished through the f r ac tu re  surface.  
6.4 Longitudinal Shear Strength 
Shear  b a r s  of alloy 20  were preparcd to  determine. the longitudinal shea r  
s t rength behavior of the y -y t  eutectic s t ruc ture .  Table 6- 5 l i s t s  proper t ies .  
Table 6-4 
Tensile Behavior of y-y' Alloys 
Alloy Temp. PC) 
Longitudinal Tests 
637  82 1 
310 32 9 
Transverse Tests 
432 432 
2 3 1  2 3 1  
1 1 4  1 1 4  
(a) (h) 
F i g u r e  6-2. l l a c r o q r a p h s  of I*'rnc.tuz-c S u r f a c c . ~  in - 1 '  Al1o.v 20 Af ter  Room 
Tcmptkraturc I 'cr  sil(, T(.stinq: a) Loncitucl~nal  and b) T r a n s v e r s e  
T h c s c  va lucs  arc. much less than thcb 1on.gituclinnl tc.nsilt1 s t r c n q t h s  of the 
y-y' al loys  a t  nli t c ~ m p t ~ r n t u r c ~ s .  Ilowcvcr, a t  750 and 1100 "(7, thc s h e a r  
va lucs  arc, cquivnlcnt to t r n n s v r r s c  tclnsil(% s t rvngth ,  which was  notcd a s  bc.- 
ing p r i m a r i l y  a  g r a i n  boundary s t r r n g t h  t r s t  f o r  th i s  alloy. 
Figure. ( i-3 i l l u s t r a t c ~ s  thc m a c r o s c o p i c  nppcanrnncc5 of the shclar s u r f a c e .  
T h c  g r a i n  boundary natures of thc  f r n c t u r c  surfnrcl i s  nppnrr.nt, and th is  np- 
pcnrnnccl i s  t?rpic:ll of fn i lu rc~s  at all t rmpc\ra  t u r v s  10s tc,d. 
F i g u r r  63-3. Iq'racturc. S u r f a c c . ~  of T,ongitudinal Shckar I 'cst  
Spc~cimc.ns of y-y' .Alloy 20 T(>stc>d a t  1100 "C 
ORIGINAL PAGE IS 
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Table 6-5 
Longitudinal Shear Strength of y  -y' Alloy 20 
Temperature Shear Strength ( M N / ~ ~ )  
6 .5  Strcss  Rupture Resistance 
Table 6-6 l i s t s  and Figure 6-4 plots s t r e s s  rupture data fo r  the y  -y f  
eutectic alloys. The table shows that there i s  a large variation in lifetime 
at  any one s t ress ,  which made it extremely difficult to choose s t r e s ses  to 
produce failure in reasonable times. For  example, one bar  of alloy 20 tested 
a t  750 "C and 483 M N / ~ ~  failed in 0.01 hours. Tested under the same condi- 
tions, a second bar  from the same ingot lasted 164. 47 hours, with essentially 
a zero  creep rate .  The s t r e s s  was increased to 586 MN/m2 and the test  
lasted 8.84 hours before failure. 
P=T(20+LOG t )x10-~ ,  [ K ,  hr] 
22 24 26 
IT 7 ---1-.8T-307 32 
8001 3 ' 2 0  ALLOY 
Figure 6-4. Larson-Miller Rupture Parametr ic  Behavior of y-y '  Alloys 
6 -7 
Table 6-6 
Stress Rupture Behavior of y -yt  Alloys 
Time to* 
Stress* Rupture 
Alloy Temp. **: PC) ( M N / ~ ' )  
- (hrs ) 
5. 70 
0 . 0 1  
164.4718.84 
234.5810.03 
166. 71148.16 
On loading 
2.20 
0. 77 
15.03 
3. 68 
538. 69 
772. 92 
34.94 
1.12 
*In five tests the initial s t ress  resulted in an extended period of zero 
creep. Loads were increased, and if a zero creep rate was reached, 
the load was increased further. Time at load is recorded for  these 
tests, rather than just total time to failure. The times at each load 
for  these tests a r e  separated by t t / t t .  
)I:>icTests at  21000 "C in argon, others in air.  
ORIG!NAL PAGE IS 
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Figure 6 -4  plots, in Larson-Miller paramet r ic  form, the data fo r  samples  
with two o r  m o m  s t r e s s  Ic.vc1s bcforc failure,  with a r r o w s  pointing toward 
higher  paramctcr  values.  Only onc p a r a : ~ ~ e t e r  vnluc i s  plotted, thc one with 
the highest combination of s t r c s s  and paramctcr .  The high s t r e s s  portion of 
the s t r e s s  paramctcr  relation fo r  the y - y l  cutc.c'tics i s  vc ry  steep, whilc the 
s lopc i s  vcry  shallow f o r  s t r e s s e s  below approximately 200 M N / ~ ~ .  
M:my of thc low tcmpcrnturc. t cs t s  sh0wc.d seve re  g ra in  boundary delam- 
ination. Although tcs t s  a t  750 "C cxhibitcd n non-ductile f rac ture  appearance, 
fa i lu re  did not occur  until 5-106: rlongntion had occur red .  170r t c s t s  in the 
950 " C  rnngc, 305 elongation was mc.nsurcd, and again the f rac ture  sur face  
was non-ductile in appearance.  .It 1100 "C, more  than 505 elongation was 
mcasurcd in somc samples ,  and the f rnc tur r  su r f aces  wcre  s imi l a r  to those 
of tcnsi lc  tc.sts dcscr ibcd in Section 6-3.  Mctallographic examination showed 
fa i lu rcs  to be grain  boundary rclntcd, just a s  in tcnsilc testing. 
6. 6 Thermal  Cycling Rcsistnncc 
B a r s  of alloy 20 wcre  cycled fo r  150 and 500 hours  between 400 "C and 
1150 "C in evacuatc?d quar tz  tubcs. Figure (5-5 shows the micros t ruc ture  
af ter  cycling; i t  has  changed considerably. Instead of a v network ringing 
the y '  fibers, the mat r ix  i s  now Y', with Y par t ic les  contained within the y t .  Ir The par t ic les  a r e  aligned along the growth direction, but a r e  near ly  spher i -  
I call  r a the r  than cylindrical  and encirclinq the y '  rods. Despite the la rge  
? micros t ruc tura l  changes, the mechanical proper t ies  do not degrade (Table 
6 - 7 ) .  In fact, the t e s t s  for the 150 hour and 500 hour cycled mater ia l  fall 
I well above the line of s t r e s s  ve r sus  parameter  plotted in F igure  6-4. 
F igu re  6-  5. Longitudinal Microstructure  of y -  y t  Alloy 20 After Thermal  
Cyclic Exposure t o  1150 "C f o r  500 Hours 
Table 6-7 
Stress Rupture Behavior a t  1100 "C in Argon 
After Thermal Cyclic Exposure to 1150 "C for Alloy 20 
Number of 
Cycles Stress ( M N / ~ ' )  Life (Hrs) 
150 117 250.3 
$:Zero creep rate a t  117 M N / ~ Z  after 571 hours, so 
without unloading, s t ress  was increased to 138 MN/m2 
and the tes t  continued to specimen failure. 
6. 7 Cyclic Oxidation 
Pins of alloys 19-22 were cycled to 1100 "C or 750 "C in a static a i r  
oxidation furnace. Table 6-8 l is ts  the weight change measured at  different 
increments of time for each alloy in 1100 "C cyclic oxidation, and Table 6-9 
l i s ts  the data for 750 "C cyclic oxidation of alloy 20. Little occurs at  750 "C. 
At 1100 "C, alloys 20 and 22 (low A1 alloys) lose weight more rapidly than 
do alloys 19 and 21 (high A1 alloys). The weight change behavior of the high 
A1 alloys is quite good, particularly in view of the absence of Cr in these 
alloys and the presence of vanadium. 
6-8 ~ o l d / ~ e t a l  Reactivity 
Reactivity of the molten y - y '  eutectic alloy with an alumina shell mold 
was tested by growing turbine blade shapes of alloy 20 at  1 cm/hr. The 
slower rate allowed more  reaction time. A tandem casting was made of a 
TF-34 and a JlOl LPT shape, with the blades grown in the tip-down configu- 
ration. Figure 6-6 shows the tandem casting and the macroetched surface 
of the TF-34 blade. The airfoil and the major portion of the blade were 
well-aligned, but cellular structure was evident in the tang and platform 
regions. Matrix dendrites were noted on the flat side of the platform. The 
JlOl LPT blade shape was cut up for microstructural investigation. No 
mold/metal reaction could be found. 
Table 6-8 
1 100 "C Cyclic Oxidation Weight 
Change Measurements for y-y' Alloys 
Alloy 19  20  20 
Rate (cm/hr) 2 0. 68 2 
Hrs A;. A A 
23 + . 8  + 3. 6 + 5 - 1  
4 7  + . 8  + 5.6 + 7.1 
7 1 + . 7  + 7.2 + 8.0 
166 - .I -25.7 -39.9 
22 8 + . 6  -27.5 -42.4 
324 + .2 -49.4 -74.9 
39 5 + .3 -54.2 -80.0 
499 + . 4  
714 -1.2 
9 6 1 -5. 6 
+weight change in mg/ cG2 
2 1  
1 
Hrs h 
2 3 - 1. 5 
64 - 3.4 
136 - 8. 6 
2 30 - 9.4 
301  -10.4 
395 -11.0 
449 -11.4 
544 -12.2 
2 1 22 
2 2 
Hrs 
- 
A 
23 4- 1.1 + 4.4 
42 + 2.0 4- 7. 5 
75 + . 7  + 7. 6 
9 8 - 2. 6 + 4.8 
1 5 1  - 1. S - 31.1 
172 - . 9  - 30.7 
236 - 3.1 - 47.5 
308 - 9.0 - 66.2 
402 -16.6 - 90.8 
473 -22.3 - 98.4 
567 -29.9 -111.3 
Table 6-9 
750 "C Cyclic Oxidation 
Weight Change Measurements 
for Y - y t  Alloy 20 Grown at 2 cm/hr 
Weight Change (mg/cmz) 
Time (hrs) Pin 1 
-
Pin 2 
ORiGlNAL PAGE IS 
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Figure 6-6. Macrographs of Mold-Metal Reactivity Tests of y-y'  Alloy 20 
Alumina Shell Mold, a) Tandem Casting and b) Etched TF34 
Shape 
7. THE y-M2Ta SYSTEM (M.R. JACKSON) 
7.1 Background 
This system consists of y, an austenitic matrix of Ni, E'e, Cr  and Ta, 
and M2Ta, an hexagonal intermetallic phase, with Cr, E'e, and Ni on " M u  sites. 
The primary reasons for studying this systrin were i t s  expected oxidation/ hot 
corrosion resistance, a high probability of alloying for strengthening, high 
temperature phase stability, and large volume fraction of the second phase. 
Density may decrease a s  Ye and Cr replace Ni. Iiigher C r  content may im- 
prove oxidation resistance. However, a matrix rich in Ni may offer more po- 
tential for precipitation hardening by A1 additions to form Yt, or  for solid 
solution strengthening by elements like W or Mo. Replacement of Ta with 
either Nb or Ti would result in a decrease in density, but no expected loss of 
oxidation resistance. These additions may alter the matrix by precipitation 
of Ni3 phases. 
The oxidation resistance of Cr2Ta (=d Cr2Nb) is  excellent a t  1250 "C. (22) 
Studies in the Ni-Cr-Ta ternary indicate very good oxidation resistance a t  
1250 OC in a regime around 6'7 a /o  Ni, 25 a /o  Cr, 8 a / o  ~ a , ( ~ 3 )  In the Ni-Cr-Nb 
system, an a -t. Ni3Nb phase field is present, indicating y + M2Nb i s  unstable. 
Iiowever, the liquidus slopes for the Ni-Cr and Ni-Ta binary diagrams sug- 
gest that a eutectic of y + Cr2Ta is possible. To iiisure an lV12Ta rather than 
a NisTa structure, the addition of Fe makes the lV12Ta structure the energet- 
ically preferred phase. The Fe-Ta, Fe-Cr, and Pe-Ni binary diagrams( l) 
also point to a possible y-M2Ta eutectic. Further evidence is the presence 
of a eutectic in the Fe-Cr-Nb system studied by Jaffrey and Marich. (24) It 
is possible that Jaffrey and Marich were incorrect in hypothesizing that the 
phase was not an M2Nb type, but a new ternary phase. The reported lattice 
parameters suggest the phase is  an MaNb type. The existence of an a-M2R 
euteztic would s u g ~ e s t  hat a y-M2R eutectic may also form, based on Fe-Ni 
binary diagram. (ly 
In previous studies conducted by General Electrlc other alloys were melted 
and directionally solidified, with the Cr  and Ta contents held constant (25 a /o  
and 8 a/o, respectively), the Fe content varied (0, 34, and 67  a/o),  and the 
balance was Ni. The 67 a /o  F e  alloyts coinposition was equivalent to that of 
Jaffrey and ~ a r i c h ,  (24) with Ta replacing Nb. For the E.e-Cr-Ta alloy, there 
w a s  excess M2Ta which grew dendritical-ly, with interdendritic regions being 
a rod eutectic. The 0 and 34 a /o  Fe alloys had austenitic matrices. The 34 a/o 
composition w a s  nearly on the rod eutectic composition, with a very slight 
amount of y dendrites. For the 0 a / o  $-e alloy a single eutectic structure was 
not obtained. Two possible eutectics, one of which i s  likely to be the y-Ni3Ta 
eutectic and another which i s  similar to the Fe-containing y-M2Ta eutectics, 
were observed. 
7.2 Alloys 
Tables 7-1 and 7-2 l ist  three alloys studied in the y-M2Ta system, Thc 
microstructures of the as-cast bars of alloy 25 indicated that the alloy was 
slightly M2Ta rich, Two ingots were directionally solidified at  2 cm/hr. 
Mctallography of a longitudinal polished stripe on one bar showed €0.1 cm of 
M2Ta sort-out, 8. 9 ern aligned cellular, and on the second bar, 0. 1 cm M2Ta 
sort-out and 9. 7 cm aligned cellular, Density \xPas 9; 26g/cm3. The short 
sttr*t-out rcgion in the directionally solidifiec; bars was evidence that the base 
cornposition was near the liquid -, y t  M2Ta eutectic traugh. E'iZ>rous cell centers 
and I.:irnellar edgcs were evident. This is the same behavior a s  ,Jaffrey and 
Marich observed in Fe-Cr-Nb. Immediately above the M2Ta sort-out zone, 
therts was a short length of structure which was colonied rather than cellular. 
Table 7- 1 
Melt Compositions in the y-M2Ta System 
Atomic Percent 
Alloy Ni Cr  Ta E'e A1 
- - - - -  
25 3 3  25 9 3 3  0 
Table 7-2 
Alrlt Compositions in the y-M2Ta System 
Weight Percent 
A second heat of alloy 25 was melted and directionally solidified at 0. 64 cm/hr 
to determine if the solidified structure would improve with a decreased growth 
rate. After solidification, the bar had 0. 1 cm sort-out of M2Ta, 8. 1 cm of 
banded but aligned structure (colonied). The initial portion of the aligned rcgion 
was only very slightly colonied. The remainder CPS the region was more heavily 
colonied. 
One ingot of alloy 2 6  w a s  directionally solidified a t  2 cmlhr.  The solidified 
bar had 8.8 cm of colonied aligned structure. The density measured of a sam- 
ple taken from the aligned region was 9.14 g/cm3. Because the structure in 
the aligned portion of the ingot was quite colonied, the second ingot of the heat 
was directionally solidified at  0. G4 cm/hr ,  but the s tructure was again cellular. 
In the aliened region, the f i rs t  0. 5 cm was fully aligned , .ructure. In the fully 
aligned region of the structure formed at 0. 64 cm/hr  (1,'igure 7-11, the high vol- 
ume fraction of the intermetallic phase was apparent. The nearly-square c r o s s -  
section fibers appear to have been enlarged by additional solid-state precipita- 
tion of M2Ta c'urlng the coohrg period of the directional soliiliflcation process, 
s o  that rnany of the fibers impinge on their neighbors. The impingement has in 
some regions produced an almost lamellar morpho!ogy of the adjoing fibers. 
At the t r ans~ t ion  from fully aligned to colonied microstructure, many trifoil 
particles were present. 14:lectron microprobe analysis of the fibers and the 
tric-ils indicated no diff?rcncc in composition. A competition between two dif- 
ferent r a t r i x  and/or intermetallic preferred growth directions may account for 
the presence of the trifoil particles. 
Figure 7- 1. T-ansvcrsc Micrograph Through Aligned 
Region of the y -MzTa Alloy 26 Grown at  
0 .64  cm/hr  
X-ray flcorescence analysis of t ransverse sections from alloy 26 was per-  
formed using the chill-cast section of the same ingot a s  the standard for analy- 
sis. Analysis indicated a substantial enrichment of A1 in the liquid ahead of the 
growing a l i g ~ e d  structure,  and a high Ta concentration in the fibrous region. 
The composition of alloy 27 was that of the aligned region of alloy 26 analyzed 
by fluorescence. No completely eutectic s tructure was observed anywhere 
along the length of the directionally solidified ingot and the alloy was grossly 
Ta-rich. 
Qualitative electron beam microanalysis of the phases in alloy 25 indicated 
y to be 37 a / o  Ni, 27 a / o  Cr, 34 a /o  F e  and 2 a /o  Ta, and the fibers to be 27 a /o  
Ni, 22 a/o Cr, 31 a/o Fe  and 20 a /o  Ta, o r  M4Ta. Using these compositions 
and measured volume fraction of 0.36 for  the fibers, the eutectic compob[+ion 
is calculated to be 33. 3 Ni, 25.2 Cr, 33.0 I'e, and 8. 5 Ta. This i s  in sub- 
stantial agreement with the mslt composition, indicating the phase analysis i s  
reasonable. Stoiclmetric M2Ta is 33 a/o Ta, and very little deviation from 
stoichiometry is expected, based on Cr -Ta and Fe-Ta binary diagsan~s. (1, 25) 
A sample of intermetallic phase extracted from alloy 2 6  was analyzed to 
determine cryatul structure and lattice parameters. The major phase was 
hexagonal, with a, = 4. 811 and co = 7.8551, essentially identical to Fe2Tz 
parameters. It is likely that Cr  and Ni both a r e  on the Fe  superlattice. A 
second (minor) phase w a s  indexed a s  hexagonal with parameters of a. = 5.301 
Co = 8.701. The pattern w a s  of the I\llgZn2 type and the parameters a r e  close 
.lo those of the phase A1 2Zr. A phase A12Ta has been reported in the literature, 
but with an orthorhombic crystal structure. In microprobe analyses of particles 
noted above, l e s s  than 10 a /o  A1 has been observed, so that A12Ta i s  not likely. 
What is surprising i s  that no evidence of an M4Ta was seen, even though all  
particles analyzed have contained approximately 20 a / o  Ta. I\,pparently, sub- 
stantial substitution of the other constituents for Ta occurs on the Ta lattice 
to maintain an M2Ta crystal structure. 
7.3 Tensile Properties 
Tensile testing at room temperature, 750 "C and 1100 "C, has been per- 
formed for alloys 25 and 26.  The tests at  room temperature were in air, 
whj1.e the other tests were in vacuum. Table 7-3 l is ts  properties. In general, 
a slower growth ratc improves strength because it causes an improved align- 
ment in these compositions. The addition of A1 causes a substantial im- 
provement in strength at 23 "C and 750 "C, causes no change in strength at 
1100 "C. 
Figure 7-2 shows a fractograph of a room temperature tensile sample. 
Large flat regions appear due to the cleavage of the larger MzTa particles 
present in cell boundaries. This same feature is seen in the 750 "C fracture 
surface. In cell centers, the M2Ta fibers show flat fracture, and the y phase 
exhibits substantial necking. A uetter aligned structure may result in much 
higher strength, and possibly greater ductility, a s  the large cell boundary 
cleava.ge sites may act to nucleate tensile failure. 
7. 4 Stress Rupture Resistance 
Table 7-4 l is ts  s t r e s s  rupture results at 1100 "C in argon for y-M2Ta 
alloys 25 and 26. Alloy 25 grown at 0. 64 cm/hr lasted for 1545.5 hours at  
20. 7 : d I~ / rn~  and showed no elongation; s t r e s s  was increased to 27.6 M N / ~ ~  
and failure occurred in an additional 224 hours. These results a re  plotted 
\ in Figure 7-3 using the Larson-IVIiller parameter for  comparison. Both 
\ 
DS 
Rate 
Alloy (cm/hr)  
25 2 
Tablc 7-3 
Tensile Data on y -M2Ta Alloys 
Tcmpcrature PC) 
23 
750 
1100 
1100 
23 
750 
1100 
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Figure 7-2. Fracture Surface of Room Temperature 
Tensile Test  for y-M2Ta Alloy 25 
Table 7-4 
Stress Rupture Properties of y-MzTa Alloys a t  1100 O C  in Argon 
DS Rate St ress  
A 1 2  (cm/hr)  ( M N / ~ = )  Life (hr)  
- 
25 2 24. 0 18. 6 
:::Step-loaded, 1546 h r s  at  20. 7 M N / ~ '  and 
224 h r s  a t  27.6 M N / ~ ~ .  The pararneter 
is greater  than 57. 3. 
Figure 7 -3. Larson-Miller Rupture Parametr ic  Behavior 
for  y -M2Ta Eutectics 
tensile and s t r e s s  rupture properties at  1100 O C  a r e  disappointing, possibly 
due to the extreme difficulty of achieving aligned structure.  
Thermal Cycling Resistance 
Very limited studies of the thermal cycling resistance of y-M2Ta were 
performed because of the difficulty in achieving aligned growth. Only the 
2 cm/hr structure of alloy 25 was cycled. Bars from aligned colonied regions 
were cycled 150 hours between 425 "C and I150 "C in a static a i r  furnace. 
After cycling, substantial M2Ta agglomeration was noted. This might be ex- 
pected, since the cellular structure probably consists of y -M2Ta interphase 
interfaces that a r e  fa r  from the low-energy equilibrium configurations. The 
bars  were tested at  1100 0C/14 M N / ~ ' .  One failed at 366.98 hours, and the 
second at 455. 61  hours. No reduction in rupture life relative to uncycled 
material (360. 6 h r s )  was noted. 
7. 6 Cyclic Oxidation 
Pins 0.254 cm in diameter were prepared from alloys 25 and 26, each 
solidified at  0. 64 and 2 cm/hr8. These pins were subjected to 1-hour cycles 
in an 1100 "C static a i r  furnace. Table 7-5 l is ts  the weight change data. For 
both alloys the 0.64 cm/hr material is more resistant to oxidation than is the 
2 cm/hr material. Structures for the more resistant 0. G4 cm/hr structures 
a r e  coarser, in that fibers tend to be larger in diameter. However, the cel- 
l r~lari ty is much less  pronounced than in the 2 cm/hr structures, so that the 
intermetallic phase particles at colony boundaries tend to be much smaller. 
The Al-containing alloy 26 is more resistant than the Al-free alloy 25. How- 
ever, the improvement is not nearly a s  dramatic a s  is that which results from 
decreased growth rate. 
7.7 Summary 
No further work was planned for  y-M2Ta. 
Table 7-5 
Weight Change During Exposure to 1100 "C Cyclic Oxidation 
for y -MzTa Alloys 
mg/cm2 Alloy 2 5 mg/cm2 Alloy 26 
DS Rate DS Rate DS Rate DS Rate 
Time 0.64 c m h r  Time 2 c m h r  Time 0.64 c d r  Time 2 c ~ r  
-
7 h r s  - 1 . 5  144hrs  - 7.7 6 h r s  + .02 7 hrs  + 0.1 
8. THE CO-MC SYSTEM (J.L. WALTER) 
Cobalt base TaC eutectics with low Cr  contents and high tungsten con- 
tents rnay be directionally solidified at rates in exrnG;s of 2. 5 cm/hr. Such 
alloys have stress-rupture lives at 1066 "C and 172 M N / ~ ~  in excess of 
2500 hours, greater than any nickel base directionally solidified eutectic 
alloy. At lower temperatures and higher s t ress  levels, howcver, the stress-  
rupture life is not a s  great a s  for nickel base-TaC eutectic alloys. The Co- 
TaC alloys reported by Bibring et  al. (2 6, generally have nominal cornposi- 
tions a s  follows: 20 Cr, 10 Ni, 12. 7 Ta, 0. 75 C, and balance Co. Those 
examined by Walter and Cline (27) generally contain by weight 15% Cr, 8. 5% 
Ni, 6.0% W, 20% TaC, balance Co. A detailed compilation of Co-TaC alloy 
properties can be found in Reference 28. 
Recently, it has been shown that the stress-rupture life of a simple co- 
balt base-TaC eutectic, C O T ~ C - ~ ( ~ ~ )  may be improved by subjecting the 
directionally solidified allo;~ to a high temperature solutioning and precipi- 
tation anneal. By heating to 1300 "C for 2 hours, quenching, and then aging 
for 24 hours at 1000 "C, it was possible to form fine carbide precipitates on 
the order of O.051J.m diameter. Bibring designates this heat-treated alloy 
CoTaC-33. 
This treatment increases the 100 hour s t ress  rupture strength at  900 OC 
by 205, at  1000 "C by 34% and at  1070 OC by 40%. At the same s t ress  level 
and temperature the precipitation treatment increases life by a factor of 10. 
In prior work a t  General Electric, alloy modifications have reduced the Cr 
content and increased the tungsten content, thus increasing the volume frac- 
tion of TaC fibers and a t  the same time, raising the allowable solidification 
rate to greater than 3 cm/hr before formation of cell or dendrite structures. 
These latter alloys have stxle;s rupture lives at  1065 "C far in excess of any 
other alloy. However, in common with all cobalt base alloys, eutectic and 
non-eutectic, the stress-rupture life a t  lcwer temperatures, such a s  927  "C, 
is lower than can be obtained from the best nickel base-TaC eutectic alloys 
such as NiTaC-13 (300 hours a t  927 "C and 280 M N / ~ ~  for a cobalt base alloy 
solidified at 2. 5 cm/hr  versus 1400 hours for NiTaC-13 solidified at  0. 6 
cm/hr).  
8.2 Alloys 
Tables 8-1 and 8-2 list  the compositions of Co-MC alloys solidified, and 
Table 8-3 l is ts  the ingot characteristics. 
Samples of' alloy 28 and alloy 29 were heated for 2 hours at  1300 "C to 
dissolve some of the TaC phase, and then were water quenched. Next, they 
were heated at 1000 "C for 24 hours to form fine TaC precipitates in the 
cobalt base matrix. 
Table 8- 1 
Melt Compositions in the Co-MC System 
Atomic Percents 
Alloy Co Ni Cr  W Ta C 
- - 
28 63.  3 12.7 - - 8. 1 7. 7 8.2 
29 55.8 9.4 18. 8 2.1 6. 7 7.2 
Table 8-2 
Melt Compositions in the Co-MC System 
Weight Percents 
Alloy Co Ni Ta C 
- 
Cr 
-
W 
- .- - 
'Table 8-3  
Characterization of Directionally Solidified Co -MC Ingots 
Length of 
DS Rate Aligned Structure 
Alloy 
-- - (cm/hr) - (cm) 
The precipitates in alloy 28 were studied by transmission electron micro- 
scopy and a r e  shown in Figures 8 - 1  and 8 -2. 11s be seen, there &re  
regions of no precipitates and regions of high prst.c*ipitate content. The 
precipitates a r e  aligned in a fashion parallel ttl tlirb growth axis of the bar. 
The dark field analysis shows the precipitates tcl hc s~nall euhedral crystals 
of TaC with the same lattice constant a s  the ?'a(: fibers. 
Figure 8- 1. Transmiss ion  I2lcctron Xlirroqraph of IIeai -'Frcated Alloy 28 
Showinq TaC Preclpi ta les  
F igure  8-2. Dark Iq'ield Electron Micrograph of TaC Fiber and TaC Pre- 
cipitates in Heat Treated Alloy 28 
Based on the  observation that  precipitation did occur  a f te r  the 1000 OC 
anneal, but that  the amount of precipitate w a s  low, a second heat  t reatment  was s 
investigated where the solution t reatment  w a s  changed to  1350 O C  for 6 hrs .  
Th i s  was followed by a water  quench, an  anneal at 1000 "C for  24 hours. 
8.3 Tensile Proper t ies  
Two tensi le  t e s t s  at 1100 "C in argon were performed on alloy 2 8  heat  
t reated a t  1350 OC/ Ghrs, and 1000 " C/24hrs .  The r e su l t s  were  413 lUN/m2 
(59. 9 ksi) ul t imate  tensi le  s t r e s s ,  9.8% elongation; and 406 MN/m2 (58.9 ksi) 
ultimate tensi le  s t r e s s ,  10% elongation. 
8.4 S t ress  Rupture Resistance 
In the a s - c a s t  condi.tion, the s t r e s s  rupture  life of alloy 28 a t  1066 "C 
(1950 O F )  and 172 M N / ~ ~  (2 5 ksi) is 174 hours  for the alloy grown at 0. 64 c m / h r  
(0.25 in/hr) ,  and is in excess  of 251 1 hours  for the alloy grown at 2.54 crn/hr  
(1 inlhr) .  
Table 8-4 lists the s t r e s s  rupture  res i s tance  of alloy 28 heat t reated at 
1350 "C/6 hours  and 1000 "C/24 hour s  c~nd of zlloy 29 heat t reated at 150O0C/ 
2 hours  and 1000 "C/24 hours. Figurcr! 8-3 compares  the rupture  res i s tance  
of heat treated and a s -cas t  alloy 28. 
Table 8-4 
S t r e s s  Rupture Resistance of Co-MC Alloys 
Heat Treatment  Temp. S t r e s s  f 
Alloy ~ C / h o u r s ,  Quench "C (MN/m2) (hrs )  *Pzo 
29 As Solidified 10 6 6 206.7 7.8 50. 35 
29 As Solidified 92 7 310 5. 5 44. 80 
29 130012, HeQ, 1000/24, HeQ 1066 206.1 13.4 50.92 
29 130012, HeQ, 1000124, HeQ 92 7 310 2.4 44.02 
28 135016, HeQ, 1000124, IleQ 1100 193 178.8 55.00 
28 135016, HeQ, 1000/24, HeQ 1100 193 84.5 54.20 
::cP20 = T(1. 8) (20 -I- log t) x 10 '3 (K, hr. ) 
The micros t ruc ture  of the f rac ture  region of the two rupture  specimens af 
al loy 28 differed considerably. They a r e  shown in F igure  8-4. The sho r t e r  
lived specimen manifests  a shear-l ike failure. Figure  8-5 shows the f iber  
f rac ture  a r e a  of a tensile specimen. 
Co50W2,2.54an/HR,AS CAST 
x CoW2 2cm/HR, 
 HE^ TREATED 
n 
-
Figure 8-3. Stress Rupture Performance of CoTaC Alloy 28 
The carbide fibers in alloy 28 appear to res is t  dissolution into the matrix, 
even after a 13 50 "C solution anneal. While Co-MC Alloys, whose fibers can 
be partially dissolved on elevated temperature exposure, can be identifiedia8) 
their lack of thermal cycling resistance precludes their use a s  base systems. 
8.5 Summary 
With the potential of other base systems perceived a s  greater, no further 
work w a s  performed on the Co-MC system. 
F i g u r e  8-4. M i c r o s t r u c t u r e  of 1100 'C, 193 ILIPa, Rupture  Spec imens  
of CoTaC ,4110~ 2 8  at a )  84. 5 hours,  and b) 178.8 l ~ o u r s  
I.'iqurc. 8-5. I l i c r o s t r u c t u r c  of CoTaC 1110,~ 28  T e n s i l e  Spec imen  I 7 r a c t u r e  
9. THE a-/3 SYSTEM (J.L. WALTER) 
9 . 1  Background 
Thc. basic  cutectic consists of 33 a / o  Ni, $3 a / o  Al, and 34 a /o  Cr. 
This  corriposition may bc solidified at  r a t e s  of up to about 33 cm/hr  with 
continuously increasing tcnsilc strengtll even though a coll s t ructure occurs  
a t  solidification r a t e s  b ~ l o w  'this ra tc .  
Thc microstructure of the basic sys tem c*onsists of ,345 by volume of 
fine C r  f ibers  dispersed in a mat r ix  of ~ i / \ l . ( ~ O ,  31) The high solidification 
tcmpcrc~turc of the cutcctic (1450 "C) provides c~xcellclnt stability of the 
s t ructure a t  t tmpcra turos  at  l eas t  up to about 1200 O C  and probably at  
higher tcmpt1raturt.s. (32)  
The tcnsilc strength at  clcvatcd tcmpcraturcs  is rc.npectable. The ulti- 
matc. tcnsilc strength f o r  a samplc solidified a t  1. 27 c-m/hr is 307 M N / ~ ~  a t  
1100 "C and 210 M N / ~ ~  a t  1200 O C ' .  (30) 
Previous work in this systcnl is well documented in rc*fclrc.nces 30-32. 
Additions of oncs o r  rnorcl elemcints may bc. made to the basic NiAI-Cr cutcctict 
without destroying the composite structure.  I<lemcnts such a s  W, Mo, o r  T.' 
scgrrga tc  to the C r  phasc and, by solid solution, incrcasc thc strength of the 
composite. F o r  instance, the replacement of 5 a / o  Clr by 5 a / o  Mo increases  
the tensile strclngth at  1000 "C by about 40$. Also, the fibrous composite i s  
changed to a lamellar  composite with the additibn of a s  l i t t le a s  0. 7 a /o  Mo. 
Other elc>ments, such a s  Co and T i  may also be added to partially replace 
Ni and A1 in thc NiA1 phasc. Variations in  the rat io  of Ni to A1 also change 
tile p r o p e r t i ~ s  and s t ructure of the eutectic. I?o; instance, increasing the A1 
corltcnt relativc to the Ni content whilc maintaining C r  constant, causes thc 
eutctcl :c to bc lamel la r  ra ther  than fibrous. 
An interesting resu l t  occurs when Lpe o r  Go is added to NiAl-Cr; the 
microstructure " turns inside out." That is, the NiAl phase, which has  very 
low ductility a t  temperatures  up to about 500 "C, becomes the dispersed rod 
phase and the ductile CrE'e phase becomes the matrix.  Such a microstructure,  
while having the oxidation and corrosion resis tance of the original eutectic, 
should also exhibit improved low temperature ductility compared with the 
NiAl-Cr system. 
9.2 Alloys 
Tables 9-1 and 9-2 l i s t  the chosen alloy conipositiotls and Table 9-3 
descr ibes  the ingots solidified. 
Table 9-1 
Melt Compositions in the a-F3 System 
Atomic Percents 
Table 9-2  
Melt Compositions in the a-(3 System 
Weight Percent 
Alloy Ni Cr  
-
A1 
-
Fe 
-
30 42 32. 7 19. 3 6.  0 
3 1 39, 1. 35. 0 18. 0 7. 9 
32 39. 3 35. 6 19. 1 6. 0 
Table 9 - 3  
Characterization of Directionally Solidified u-P Ingots 
DS Rate Length of Align.ed 
APloy !cni/hr) Structure (cm) 
3 0 0. 64 < 0. 3 
Alloy 30 was chosen a s  the base of this system. The composition of the 
small aligned region of alloy 30 was analyzed by microprobe. This composi- 
tion was chosen a s  alloy 31. In a similar manner, the composition of the 
aligned region of alloy 31 was determined by microprobe analysis and chosen 
as  the composition of alloy 32. 
Alloy 32 wzs directionally solidified a t  a 2 cm/hr. There i s  a marked 
structure improvement over alloy 31. The microstructure shows an initial 
region, 1 cm in length, of aligned structure, with the remainder of the bar 
becoming @ dendritic. 
A second bar  of alloy 32 was CALL dctionally solidified at 0. 64 cm/hr ancl 
shows the same niicrostructure and macrostructure a s  the bar grown at 
2 cm/hr, about 1 cm of aligned structure, and then aligned structure with 
-dendrites. Figure 9-1 shows a longitudinal section of the fibrous structure 
and Figure 9-2, the lamellar structure, 213 the length of the ingot. 
Figure 9-1. Longitudinal Section of the Fibrous Region in a-@ Alloy 32. 
R = 0.64 cm/hr  
Figure 9-2. Longitudinal Section of the Lamell.ar Region in a-p Alloy 32. 
R = 0 .64  cm/hr 
The development of plate o r  lamellar regions, rather than the desired 
rod eutectic, can be due either to: 
(1)  The high volume fraction of the NiAl rod phase allowing easier  dif- 
fusion in the solidification process o r  lamellae, i. e . ,  a rod-lamellar trans- 
ition due to diffusional kinetics; o r  
(2)  The change in lattice constants of the Cr(Fe)  and NiAl phases, which, 
due to good rcgistry between lamellae, cause this form of growth to be favored. 
In either case, the task of producing a fully aligned structure of Cr(Fe) 
with NiAl rods must not only identify the eutectic point, but also those com- 
positions which minimize the driving forces for lamellar growth. 
9.3 Summarv 
No further alloys were chosen in the a-p system: The Fe additions had 
not produced sufficient material on which to perform mechanical tests, and 
had greatly raised the G/R requirement fo r  aligned growth. These conditions 
combined with the low ductility of the NiAl phase, eliminated the eutectic 
system as  a viable candidate for producing engine components. 
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An unresolved ques t ion  is why th is  s y s t c m  could not be dcvclopcd with 
! lar  s t r u c t u r c s .  
I . .  
.' . 
F i g u r e  9 -  3.  T r a n s v c r s c  Section of  a-@ Alloy 32 Showing F i b r o u s  and 
L a m e l l a r  Regions.  R = 0. 64 c m / h r  
10. COMPAWlSON TO OTHER ALLOYS 
.Detailed property determinations had been made during the program of 
alloy 7 (65.8 Ni, 13.2 Al, 21.0 Mo by atomic percents) of the y /  yl-MO system, 
alloy 15 (64.7 Ni, 23.2 Al, 2.8 W, 10.0 Co by atomic percents) of the y-$ sys- 
tem, and alloy 20 (72.0 Mi, 15.0 Al, 4. 5 Ta, 5.0 Co, 1. 75 V, 0. 75 Re, 1.0 W 
by atomic percents) of the y / y l  system. These properties were compared with 
NiTaC-13, a y /  y t  matrix with TaC r e i n h ~ c i n g  fibers, and y/  yl-6 ,  a y/  y 1  matrix 
with N i a b  reinforcing lamelkae. 
10.1 Background Data for Comparisons 
All data on NiTaC- 13 a r e  from material grown at  0. 64 cm/hr. Data on 
y /y ' - 6  a r e  from rates as indicated. The tensile data a r e  from reference 15 
and unpublished General Electric research for NiTaC-13 and references 33 and 
34 for y /y l -6 .  The longitudinal shear strength data a r e  from unpublished Gen- 
e ra l  Electric research for NiTaC-13 and references 34 and 35 for y / y l - 6 .  The 
s t r e s s  rupture data a r e  from reference 15 and unpublished General Electric 
research for NiTaC-13 and from references 33 and 35 for y /y l -6 .  All cyclic 
oxidation data a r e  from unpublished General Electric research. 
10.2 The y /  y '-Mo System (M. F. ~ e n r y )  
Figure 10-1 compares the longitudinal tensile strength of alloy 7 a s  a 
function of temperature to y/  y l . -6  and NiTaC-13. The three element y/ y l -MO 
alloy is competitive with those two eutectic alloys up to 930 OC and is slightly 
weaker a t  higher temperatures. Two specimens of alloy 7 a t  3 cm/hr  gave 
ultimate tensile of 487 and 503 M N / ~ ~  at 1100 OC. This compares to v2ues  of 
450 M N / ~ '  for alloy 7 a t  2 cm/hr,, 530 M N / ~ '  for NjTaC-13 a t  0.64 cmlhr  and 
550 M ~ / r n '  for y / y t - 6  aligned a t  3 cm/hr. In this comparison the simple three 
element y /y l -MO alloy is considered excellent. 
Figure 10-2 compares the transverse tensile strength of alloy 7 a s  a 
function of temperature to NiTaC -1 3 and y/  y ' -  6. The y / y I -Mo alloy is equiva - 
lent to or better than the two other eutectics. To date, only three temperatures 
have been used for transverse tensile testing on alloy 7. The minimum trans- 
verse tensile ductility was  2. 85 elongation and 4. 7$ reduction in area  at  room 
temperature. 
Figure 10-3 compares the longitudinal shear strength of alloy 7 a s  a func- 
tion sf temperature to NiTaC - 13 and y / y' -6. The longitudinal shear strength of 
this alloy is probably a s  good a s  o r  better than that of the two other eutectics. 
Figure 10-4 compares alloy 7 to NiTaC-I3 and y/y'-6 on a Larson-Miller 
parametric plot for longitudinal s t ress  rupture resistance. It is felt that the 
most appropriate comparison for y/yl-6 is to material aligned in blade type 
gradients, that is 0.64 cm/hr. Alloy 7 a t  2 cm/hr  is essentially equivalent to 
y / y 1 - 6  in longitudinal s t r e s s  rupture resistance. !,: the cornpariso~? of longi- 
tudinal s t ress  rupture resistance, y / y '  -Mo is considered excellent because 
alloy 7 is still a simple three element eutectic. 
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F i g u r e  10-1. Comparison of Longitudinal Tensile Strength of y/ y I - M O  Alloy 7 
(AG60), NiTaC-13 and y iy l -6  (3  c m l h r )  
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Figure  10 -2. Comparison of T ransve r se  Tensile Strength of y/ y ' -Mo Alloy 7 
(AG60), NiTaC-13 and y/yi-6  (3 c m / h r )  
Figu re  10  -3. Comparison of Longitudinal Shear  Strength of y/ y ' -Mo 
Alloy 7 (AG60), NiTaC-13 and ~ / ~ ! - 6  (3  c-r t /hr)  
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Figure 10-5 compares the transverse s t r e s s  rupture resistance of alloy 7 
to NiTaC-13 and y / y l - 6  on a Larson-Miller parametric plot. The transverse 
rupture resistance of alloy 7 is superior below 900 "C and competitive above 
900 OC. 
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Figure 10-5. Comparison cf 'l'ransverse Stress 3upture Resistance of y/yl-Mo 
Alloy 7 (AG60), NiTaC-13 and y / y l - 6  (0.64 and 3 cm/hr)  
Figure 10-6 compares the cyc1.i~ oxidation resistance of alloy 7 at  1100 OC 
to NiTaC-13, ~ J y l - 6  ( 6  Cr), ~ e n e '  80, and Hastelloy-X. The alloy is essen- 
tially equivalent to NiTaC-13. This is not considered a serious drawback 
since alloy 7 is a simple three element composition. Unpublished General 
Electric research has shown that additions of chromium may substantially en- 
hance the cyclic oxidation resistance. Also, coatings would usually be applied 
to engine parts operating at  such elevated temperatures. 
10.3 The y -$ System (M. R. Jackson) 
-
Figures 10-7 and 10-8 compare longitudinal and transverse tensile prop- 
ert ies of alloy 15 of the y-P system to y / y ' - 6  and NiTaC-13. For both orien- 
tations the y-$ alloys fall well below the comparison systems, but the y-$ 
system approaches the others more closely as  temperature increases. A 
vane alloy, MARM-509 is also plotted in Figure 10-7 for comparison. The 
y-13 alloys a r e  much stronger than MARM-ti09 over the entire range of test 
temperatures. In regard to the transverse properties, i t  should be remem- 
bered that the data for  y-$ plotted are  for a lamellar structure. Properties 
for fibrous y-$  have not been measured in the transverse orientation. 
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Figure 10 - 6. Comparison of Cyclic Oxidation Resistance at 
1100 "C of y/ y '  -Mo Alloy 7 (AG60) and Several 
Other Alloys 
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Figure 10-7. Longitudinal Tensile Propert ies  of Alloy 15 of the y -  B System 
compared to y ly l -6  ( 3  cm/hr) ,  NiTaC-13 and MAR M509 
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Figure 10-8. Transverse Tensile Properties of Alloy 15 of the y-p System 
compared to y / y f - 6  (3 cm/hr)  and NiTaC-13 
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Figure 10-9 compares the rupture properties of y-p  to those of the y / y l - 6  
and NiTaC-13 eutectics. The lamellar structure falls approximately six para- 
meters below the comparison eutectics, while the fibrous structures a r e  three 
to four parameters below those systems. The fibrous properties a r e  essen- 
tially equivalent to IN-738. Both lamellar and fibrous 'I*-$ a r e  superior to cur-  
rent vane alloys X-40 and MARM-509. 
Figure 10 - l r )  illustrates the longitudinal shear strength of the lamellar 
y-fl alloy compared to y / y l - 6  and NiTaC-13. The poor behavior of y - p  is a 
result of the weak grain boundaries in the alloy. No properties have been 
measured for the fibrous structures. 
-- 1200- - 
C3 
Z 
W 0 ---L--L-.LLL-_IL--L-. . --L-- I 
I- 0 200 400 600 800 IOOQ 1200 
0 
F - T - - 1 - - ' - - T T - - - I  1----l--- 
TRANSVERSE - 
Figure 10-1 1 shows oxidation resistance in 1100 "C cyclic exposure. The 
fibrous alloy number 1.8, which contains V and Re, is much poorer than the 
lamellar alloy number 15. However, even the fibrous alloy is much superior to 
to y/  y ' - 6  and NiTaC-13. The lamellar structures a r e  superior to Hastelloy X 
for tiraes in excess of 400 hours. 
e--
v, 
The y-fJ alloy was much superior to the other alloys in cycling to 1150 "C. 
An identical ordering of alloys was observed in cyclic oxidation a t  1100 "C. 
Figr: r ' ~ :  10 -1 0. Longitudinal Shear Strength of Lamellar  y - @ Alloy Number 15  
Compared to y/yl-6 ( 3  cm/hr )  and NiTaC-13 
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Figure 10-11. Oxidation Resistance in 1100 OC Cyclic Exposure 
for the y-P System (Lamellar =Alloy 15; Fibrous = 
A.lloy P 8), and Several Other Alloys 
10.4 The y - y '  System (Me R. Jackson) 
Figures 10 -1 2 and 10- 13, respectively, compare longitudinal and trans- 
verse tensile properties of alloy 20 of the y-y '  system to NiTaC-13 and y / y ' - 6 .  
In both orientations y - y '  falls well below the comparison alloys, but the dtlffer- 
ences become smaller with increasing temperature. Figure 10 - 14 compai-es 
rupture properties. The y - y f  alloys alloys a r e  about 4- 5 arameters below 
NiTaC-13 and y I ~ l - 6  at s t resses  greater than 200 MN/ma) However, the 
stress/parameter  relation for y-y '  becomes very shallow below that s tress,  
and the curve far y -y1  crosses the comparison alloys at  approximately 110 M N / ~ ~ .  
Figure 10- 15 compares longitudinal shear properties for y- y', y /  y '  - 6, and 
NiTaC-13. Properties a r e  much inferior to NiTaC-13 at  al l  temperatures, but 
a r e  superior to y/  y1  -6  a t  1100 "C. In 110d OC cyclic oxidation (Figure 10-1 6) 
y -y '  is better than NiTaC-13 and y /  y '-6,  a s  well a s  the super-alloy Rene* 80. 
Oxidation resistfince is intermediate between Hastelloy X ann Rene' 80, and 
varies with A1 content. 
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Figure 10 - 12. Longitudinal Tensile Properties of the y- y '  Alloy 20 Compared 
to y / y t - 6  (3 cm/hr) and NiTaC-13 
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Figure  10-1 6. Oxidation Resis tance in  100 "C Cyclic Expo- 
s u r e  for  y-y '  (Low A1 = Alloy20; High A1 = 
Alloy 2 I ) ,  and Several  Other P-llojrs 
11. CONCLUSIONS 
This program involved an c.xploratory examination of six high tempera- 
ture ctutcctic supc~rnlloys systcrns for application a s  directionally solidified 
turbine blades. Thc objective was to identif,~ at lcast one new alloy for po- 
tential use in jet aircraft cilginc turbine blatftls. Tliat objective has been 
accomplished. 
The f i rs t  phase of this program consisted of cxploratory examination of 
six cutectic alloy system bases, each having at  lcast one ductile phase. Com- 
position and/or processing paramctcr variations were madc and alloys which 
achieved well aligned structures were tested for density, elevate?? tempera- 
ture tensile strength, s t r e s s  rupture resistance, and thermal cycling res i s -  
tance. Alloys f rom the three most promising systems were then sub,ected 
to detailed propcrty rvaluations which consisted of determining: 
- longitudinal tensile strength and ductility 
- transverse tensile strength and ductility 
- longitudinal shear strength 
- longitudinal s t ress  rupture resistance 
- transverse s t r e s s  rupture resistance 
- thermal cycling resistance 
- cyclic oxidation resistance 
- mold/mcrtal reactivity 
The three majorn conclusioil,s of this study are :  
1. Thc y!yl-Mo system has potential a s  a high pressure turbine blade 
material. Rcsearch on this system should contique and should expand from 
the exploratory nature of this con t~ac t  o encompass serious alloy develop- 
ment and engineering evaluation. 
2. The y-/3 system has potential as  a vane material. Research on this 
system should address the critical question of thermal fatigue resistance. 
3. The y-y' system shows promise for  developing into a potential tur-  
bine blade material. Exploratory resc:*rch to evaluate that potential should 
continue. 
The six systems and a brief review of results follow 
A. y/yl -Mo: a system consisting of a two phase matrix of a face cen- 
tered cubic ~ i - b a s e  solid solution y and an ordered L12 phase y t  based on 
Ni3A1; and body centered cubic a reinforcing fibers, primarily of Mo. 
All the alloys examined hcrc have been shown to bc y -Mo eutectics which 
subsequently undergo y1 precipi.tation in the y matrix. The matrix and fibers 
both solidify with a < 100> growth direction, The balance of strength and duc- 
tility in  the sample alloys examined to date is excellent. The optimum alu- 
minum content for  a three element Ni-Al-Mo alloy has been identified for 
this balance as  approximately 13 a/o. Researcli on this contract and on sep- 
aral;e General Electric funded studies have shown that the Ni-A1 -Mo system 
may bc alloyed with up to seven additional elements simultaneouslg and still 
yield a ,structure of y-Mo coupled growth with subsequent y t  precipitation at  
lower temperatures. 
The y/yt-Mo system bas excellent tensile strength in the longitudinal and 
transverse directions. T:;e ductilities in the transverse direction a re  2% o r  
greater. The longitudinal shear strength of this system is excellent and ex- 
ceeds 40% of the longitudinal tensile strength over the range of blade operat- 
ing temperatures. 
The s t ress  rupture resistance of the / -Mo system lies between that 
of y / y s  -6 and NiTaC -13. This is considered very encouraging for  the simple 
thrce element system. It i.s felt that the creep resistancn can be further en- 
hanced by the addition of elements selected to strengthen all three phases. 
In comparison to the original NASA g?als for this program (1000 hours life 
at 700 M N / ~ ~  and 750 OC, and 1000 hours life at 140 M N / ~ '  and 1100 "C), the 
most imp~ovement is needed at high temperrture, i. e., the 1100 OC regime. 
The transverse s t r e s s  rupture resistance of this system is considered slightly 
superior to NiTaC-13 and far  superior to ~ l ~ I - 6 .  T'he transverse rupture duc- 
tility is fa r  superior to y / y  t -6 o r  NiTaC -13. 
The cyclic oxidation resistance of the simple three element Ni-Al-Mo 
alloys is efsentially equivalent to NiTaC-13 and y / y f  -6. The addition of 
3 a/o C r  has made the system superior to ~ e n 6  80, but still not a s  good a s  
Hastelloy X. Preferential oxidation of Mo-fibers did not occur at 750 O C  or  
1100 "C. It is the current best judgement that this system will need an oxida- 
tion resistant coating for operation at 1100 "C (2012 O F ) .  
This  system is considered more processable than y / y f - 6  o r  NiTaCv-13. 
Values of (G/Z)-critical a r e  equal to or  better than either of those two s j c -  
terns. Metal ceramic reactivity tests reveal that the current GE AI2O3/SiO2 
mold system wi13. probably be adequate for this system, 
B. y-& a system consisting of a face centered cubic y solid solution 
matrix of Ni, Cr, l?2, CO, W, and Al; and a CsCl structured reinforcing 
phase of substoichiometric (Ni, Co o r  FeIA1. 
The alloys c.f N'i, Al, Co and W have excellent resistance to oxidation 
at temperaturns uf 750 and 1150 OC. Mechanical properties a r e  virtually 
unaltered by cycling to 1150 O C .  The tensile and rupture behavior, solidifi- 
cation temperature and densities suggest these materials may be successful 
improvements on turbine vane alloys such a s  X-40 o r  MAR M-509. The main 
limitation of the lamellar structure appears to be grain boundary streng:?, 
particularij- in  thermal fatigue. As part of the present program, a fibrous 
y -p alloy was prepared. The longitudinal properties a r e  significantly inl- 
proved over those of the lamellar alloys and of conventional vane rr~aterials. 
Furthermore, the fibrous alloys have good fl.exibility for further alloy modi- 
fication, and it  may be possible to develop turbine blade properties in these 
eutectics at  solidification ra tes  in excess of 2 cm/hr. It remains to be de- 
termined if boundary strengths for  t l ~ e  fibrous alloys a r e  sufficient for blade 
and/or vane applications. 
C, yl: a system consisting of a face centered cubic matrix solid solu- 
tion of Ni, Co, Re, W and V; and reinforcing fibers of an ordered L l  2 y phase 
based on Ni3Al. 
Alloys in this system have high temperature mechanical properties com - 
F arable to NlTaC -13 and y /y  ' -6. Oxidation resistance is somewhat better 
than those eutectics, solidification temperatures a r e  within the range of con- 
ventional superalloys, but densities are  someswhat higher than desirable. 
There seems to be little advantage of high Ta to A1 ratio alloys in terms of 
strength, and the high A1 alloys a r e  superior in terms of oxidation and den- 
sity. The alloys a r e  difficult to align at 2 cm/hr.,  and there a r e  indications 
that master melt composition control will be more important than for NiTaC-13 
and y /y f -6 ,  Grain boundary weakness is the alloy system's most obvious prob- 
lem. Work is needed to improve grain boundary strength and to determine if 
this improvement will lead to better intermediate temperature strength. The 
stability of mechanical properties in thermal cycling to 1150 OC is excellent, 
and no mold/metal reaction was found in the test conducted. 
D. y-M2Ta: a system consisting of a face centered cubic y solid solu- 
tion matrix of Ni, Fe, Cr  and Ta; and a hexagonal M2Ta reinforcing phase. 
This system is capable of exceptional strengths a t  23 OC and 750 OC. Ox- 
idation resistance is superior to the y / y l  -6 and NiTaC-13 alloys. However, 
the system has  many limitations: high density, low solidification tempera- 
ture, extreme difficulty in achieving fully aligned microstructures in gradients 
typical of blade casting furnaces, lack of appreciable ductility over a wide 
temperature range. The probability is low for producing useful alloys in this 
sys tem. 
E. Co-MC: a system consisting o'f a face centered cubic solid solution 
matrix phase of Co, Ni and W precipitation strengthened by TaC; and a face 
centered cubic TaC reinforcing phase. 
The high temperature mechanical properties of the base system are  ex- 
cellent. It was anticipated that a precipitation heat treatment by which MC 
particles were distributed within the matrix would enhance low temperature 
mechanical properties. It was found that some slight precipitatj.on could be 
caused, but i t s  effects on properties were inconclusive. Large scale pre-  
cipitation of MC was not achieved because the Co-MC alloys have been de- 
signed to minimize thermal cycling degrad~tion caused by solutioning and 
reprecipitation of MC in thermal cycles where the maximum temperature 
approaches 1100 OC. 
F. &_e_: a system consisting of a body centered cubic a solid solution 
matrix of Cr  and Pe  and a CsCl p structured reinforcing phase based in Nj.Al, 
The a-p system NiAl-Cr has a microstructure of Cr  rods in a NiAl ma- 
trix. It was anticipated that if  the structure was reversed by Fc additions -- 
NiAl rods in a Cr(Fe) matrix -- improvements in ductility would result. 
Iron additions resulted in reversed structure region, but a competing rr-icro - 
structure, lamellar, tended to predominate. 
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